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PREFACE 


Parallel operation of generators is treated in a practical manner, 
starting with a brief explanation of fundamental principles, and pro¬ 
ceeding to methods of synchronizing, checking phase sequence, ad¬ 
justment of field current, etc. 

A hydroelectric plant is usually tied in to a large power system 
that may extend many miles away from the power plant. Satisfac¬ 
tory operation of this large power system depends on the proper oper¬ 
ation and maintenance of the electrical equipment in the hydroelec¬ 
tric plant. 

To assist the man working in the plant, many of the common 
troubles that occur are listed along with the probable cause and the 
proper remedy to apply. This material is arranged in the form of 
tables to provide a quick reference. These tables include the care of 
alternators, exciters, voltage regulators, power transformers, relays, 
and lightning arresters. A careful reading and study of these troubles 
will prepare the operating and maintenance man for an emergency 
and will enable him to decide quickly what to do and how to do it. 
In this way, valuable time will not be lost in restoring service. 

The Authors 


The text material in this volume also appears in 
Applied Electricity Cyclopedia . 
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TYPES OF ALTERNATING- 
CURRENT GENERATORS 


The only difference between a simple direct-current generator 
and a simple alternating-current generator is that the direct-current 
generator has a commutator and the alternating-current generator 
has slip rings. From this slight difference in construction comes 
the difference in the voltage and kind of current obtained from the 
two units. 

FREQUENCY OF ALTERNATING CURRENT 

Frequency of am alternating current is the number of cycles 
the current passes through in one second. V complete turn of a loop 
of wire will make one complete voltage cycle as shown in Fig. 1. One- 



Fig. 1. Curve of Voltage Obtained from {{evolving a Loop of 
Wire between a Pair of Poles 


half the rotation of the loop will produce a voltage in a positive 
direction which causes current to flow out on the outside slip ring, 
and the next half turn completing the revolution will cause the out¬ 
side ring to he negative. This shows that the current flows equally in 
both directions during a cycle. A reversal of current is called an 
alternation. Two alternations make one complete cycle. 

1 
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Speed and Number of Poles. If this coil had rotated by two 
pairs of poles, the effect would have been just the same, as a coil 
making two complete turns with one pair of poles. Each time a 
coil or group of coils together pass a pair of poles a cycle is made. 
Obviously the speed and the number of poles will affect the fre¬ 
quency. Mathematically, frequency equals the poles times the 
revolutions per second divided by two and is often expressed as 
follows: 


Frequency= 


r.p.m.Xp 

60X2 


If the pole pieces were rotated and the coils remained stationary, the 
frequency would be exactly the same as it is with the revolving 



Fig. 2. Curve Showing Variation of Voltage When Loop Makes Two Complete Turn* 
or Two Pairs at Poles Are U*ed 


loop. A pair of poles passing a coil produce two alternations or one 
cycle, and the coil passes through 360 electrical degrees. If this had 
been a 4-pole machine, two complete cycles, Fig. 2, would have oc¬ 
curred on the coil or 720 electrical degrees. Each pair of poles adds a 
cycle to the loop for each revolution that either the coil or the poles 
make. 

Some small alternating-current generators use the revolving 
armature like a direct-current generator, but for two very important 
reasons the larger machines without exception use the revolving 
field in which the poles rotate. One important reason revolving 
fields are used is due to tike fact that insulation stands up better if 
it is stationary, and the other is no sliding contacts for the large 


2 
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currents are necessary with revolving fields. Moving parts are also 
lighter with the latter arrangement. Fig. 3 shows the various posi¬ 
tions of the revolving loop with corresponding voltage produced in 
Fig. 2 for each quarter cycle. No voltage is produced at the first 
and third positions of the coil as the conductors are not cutting the 
flux in these positions as shown by Fig. 2. As the coil leaves the 
starting position, as shown in Fig. 3, the voltage gradually increases 



Fig. 3. Loop Positions and Instantaneous Voltages Shown as a Single Loop of Wire Is 
Revolved in a Magnetic Field 


and the second picture shows the voltage at the highest point when 
the quarter cycle position is reached. 

SINE CURVE 

The sine curve shown in Fig. 1 is the standard of reference for 
all discussion on alternating current. This curve can be plotted 
graphically by using a sine table and the corresponding angles. The 
sine itself is simply the ratio of two sides of a right-angled triangle, 
being the altitude divided by the hypotenuse. The cosine referred 
to in power factor discussions is the ratio of the base to the hypot¬ 
enuse. Each angle always has the same sine value, likewise a cosine 
value which is always the same number for any particular angle. 
A curve plotted from the sine values would always have a maximum 
value of one. 

The sine curve, shown in Fig. 4. can be developed mechanically 

3 
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from a circle as follows: Starting with a point A at position O make 
a circle about a center C. Draw a horizontal line to the right of 
the circle from O to B and divide it into sixteen equal lengths. (For 
more accurate work, more divisions should be used.) This line re¬ 
presents the time it takes point A to go around the circle and is 
measured in degrees 0 to 360. Divide the circumference of the circle 
into the same number of divisions as there are in the horizontal line. 
A vertical line from each one of these division points on the cir¬ 



cumference to the horizontal line through C represents the value of 
voltage generated at this particular instant by the coil in passing 
through the pole flux. These lengths laid ofT vertically on the hori¬ 
zontal line will give points through which the sine curve can be 
drawn, as shown in Fig. 4. 

The voltage curves for generators do not conform to the sine 
wave usually pictured, but take shapes similar to those shown in 
Fig. 5. These shapes give better operating results and are used with 
practically all commercial machines. The shape of this voltage wave 
can be changed to any desired form by changing the contour of 
the pole face. In this figure the pole face is flat and the air gap 
uniform, which produces the wave form shown. If the pole face 
was changed slightly so as to weaken the flux density at the front 
and rear sides of the pole, the wave form would be more peaked 
and would look more like the sine wave. The wave form shown 
in Fig. 5 is made by a single coil in the armature slot. Commercial 
generators ordinarily have more than one coil per slot so the wave 
form is not quite so flat topped but is more like the sine curve. 


4 
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PHASE 

The term phase, as used in electrical work and in literature, has 
two separate and distinct meanings. Unless these are clearly and 
definitely understood a great deal of confusion may result. One 



meaning of the term phase has to do with circuits. Single-phase, 
two-phase, threc-plia.se, and six-phase circuits are frequently men¬ 
tioned in discussing alternating-current circuits. 

A single-phase circuit may be defined as one which has voltage 



Fig. 6. A Single-Phise Alternator with u 4-Pole Revolving 
Armature. PhaaeR are determined by winding* 
and not by the number of pole* 
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impressed upon it from only one alternating-current source. A 
single wire or coil revolving in a magnetic field will produce a single¬ 
phase circuit. The revolving coil shown in Fig. 3 would be a single¬ 
phase generator. The number of turns or the number of loops would 



not change the phases which are also independent of the number 
of poles as shown in Fig. 6. Although this machine ha6 four poles 
and two loops, it is only a single-phase generator, as there is only 
one voltage wave acting on any circuit connected to the slip* rings. 



Fig. 8. Voltage Waves Generated by Two-Phase 
Generator—A Two-Phase Voltage Curve 


two-phase circuit in reality is two separate single-phase 
circuits, each with its own voltage wave impressed upon it. These 
two equal voltage waves are 90 degrees apart and always maintain 
this relationship. Fig. 7 shows a simple two-phase generator with 
the two separate windings 90 degrees apart rotating on the same 
shaft. This also shows the required two sets of slip rings and the 
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TYPES OF ALTERNATING-CURRENT GENERATORS 7 


independent circuits 1 and 2 having absolutely no electrical con¬ 
nection with each other. The voltage waves produced by this gen¬ 
erator are shown in Fig. 8. These are 90 degrees apart at the start 
and always maintain this relationship because the coils in the 


N 



Fig. 9. Elementary Three-PhnR«* Generator with 
All Six Lea<l« Brought Out 


generator generating the electromotive forces are set at the same 
angular displacement and cannot siiift position. 

A three-phase circuit is one in which three separate equal 
voltage waves are impressed 120 degrees apart on three circuit 
voltages. These may function on six wires but three wires ordi¬ 
narily make a three-phase circuit. Fig. 9 illustrates a three-phase 



generator with all leads brought out to six-slip rings making a six- 
wire three-phase circuit. This is in reality three separate single¬ 
phase machines operating in the same magnetic field which makes 
all voltages equal. These circuits are often referred to as phases A, 
B y and C especially in line work and armature winding in order to 
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keep connections in correct order. The voltage waves shown in 
Fig. 10 show the relationship and position of the various voltages in 
a three-phase circuit. Because of the 120-degree spacing of the coils 
on this generator, all three voltage curves remain this same distance 
apart as shown in Fig. 10. A three-phase circuit has this particular 
characteristic. The instantaneous value of the voltage on one phase 
will be exactly equal to the algebraic sum of the voltages on the other 
two phases. Take the point where phases 1 and 3 cross below the line. 


N 



Fijc. 11. ThrtM*-l’h:isi* OomTutor with l.'sti:il 
Connt‘c! ions him! Thr»M» Lo.-mU llrought 
< >u t 


Measure this distance, and it will be found to be just half the distance 
to phase 2 above the line. This means that the sum of the two nega¬ 
tive voltages on phases 1 and 3 will just equal the positive voltage on 
phase 2. All other points will give identical results at any position 
checked. 

Because of this voltage' condition on a three-phase circuit, the 
coils can be connected together inside the generator making only 
three slip rings necessary as shown in Fig. 11. This arrangement of 
coils enables each line to be a part of two phases as shown by A , 
/i, and (\ and each ring serves two coils in the generator which is 
standard in winding practice. 

The other meaning of the term phase lias to do with current 
and voltage relations within the circuit itself. When a load having 
ohmic resistance only is connected to a source of alternating-current 
voltage, the current wave will follow the voltage wave instantly, 
which means that current will be zero when the voltage is zero and 
reach a maximum value when the potential is at the peak, as shown 
by the curves in Fig. 12. The current and voltage are said to be in 
phase when this relationship exists. 


8 
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A very few alternating-current electrical circuits have only 
ohmic resistance opposing the flow of current in them. Inductance 
or capacity, and in some cases both, are present along with the 
ohmic resistance to limit the flow. Inductive reactance is caused 
by the magnetic effects set up when alternating current flows in 




Fig. l‘J. Voltage and Current in Fig. l'J. Voltngc find Cumin Out of 

Phase in :» Single-Phase Circuit Phase in u Si ay. u*-Phase Circuit 

coils with an iron core such as are found in transformers, motors, 
and choke coils. This inductive effect from the alternating magnetic 
field acts like counter electromotive force on the flow of current 
and delays the time when it reaches a maximum value. Whenever 
this condition exists in a circuit, the current is said to be lagging 
behind the voltage and is oirt of phase us shown by Fig. 13. In 
this case the voltage and the current do not pass through zero or 
reach a maximum value at the same time. The current passes 
inductance 

RESISTANCE 

Fig. 14. Choke (‘oil and Resist¬ 
ance in Single-Phase Circuit 
Producing F fleet Shown in 
Fig. 13 

through zero at a later time and reaches a maximum later than 
the voltage maximum. The angle between them, measured along 
the horizontal line between the points where the curves cross it, 
is called the phase angle between the current and the voltage. The 
cosine of this angle is the power factor for the circuit. Fig. 14 
shows a choke coil in series with resistance connected to a source of 
alternating current producing the effect shown in Fig. 13. All three 



9 





10 TYPES OF ALTERNATING-CURRENT GENERATORS 


types of opposition to current flow, whether it is ohmic, inductive, 
or capacity, are measured in ohms. These combine differently in 
an alternating-current circuit than the ohms of a direct-current 
circuit. Inductive ohms and capacity ohms act at right angles to 
the resistance in the circuit when both are present. Fig. 15 shows 
three conditions which may exist in an alternating-current circuit. 
In Fig. 15 at A is illustrated the relationship existing in a circuit 
of the type shown in Fig. 14. The three sides of the triangle are 
made from the following: the base R is the ohmic resistance, the 



Fig. 15. Triangular Relations of A —Resistance and In¬ 
ductance; It —Resistance and Capacity; and C —Resis¬ 
tance, Inductance, and Capacity. These control the cur¬ 
rent flow in an alternating-current circuit 

altitude Xl is the ohms reactance due to the magnetic effect, and 
the hypotenuse Z is the impedance or actual resistance to the flow 
of current in this circuit. In all mathematical calculations involving 
Ohm’s law in alternating-current circuits, the current is obtained 
by dividing the volts applied to the circuit by the impedance. Im¬ 
pedance in each case must be found from the triangle developed 
in Fig. 15 at A , B, or C as the circuit conditions demand. In Fig. 
15 B shows how capacity and resistance combine to control the 
current flow when capacity is present. C illustrates the combined 
effects on the impedance of a circuit having resistance, inductance, 
and reactance. The magnetic and capacity effects are 180 degrees 
apart and neutralize each other leaving only the difference to com¬ 
bine with resistance to form impedance. Because of this neutraliz¬ 
ing action between capacity and induction, it is possible to change 
the power factor of any alternating-current circuit. On account of 
these magnetic effects, capacity in the form of static condensers 
or synchronous condensers is used to correct poor power factor. 

The phase angle between the impedance and the resistance 
in Fig. 15 is the same as the angle between the current and the voltage 
in Fig. 13, because the current lag is caused by the same magnetic 
effect which determines the size of the angle <j> in the triangle. 


10 
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POWER FACTOR 

Power factor is the ratio of true power to apparent power. It 
is the wattmeter reading divided by the apparent power. The appar¬ 
ent power is the product of the ammeter reading multiplied by the 
voltmeter reading. This division gives the power factor, because the 
triangle of real watts and apparent watts is similar to the impedance 
triangle shown in Fig. 15. 

The power triangle shown in Fig. 16 is made from the volts and 
amperes which are the apparent watts in the circuit and the watt¬ 
meter reading. The magnetizing power may be measured with a 


MAGN*m2iNO 

PO*VEP 

BEACT1VE COMPONENT 


Fig. 16. Power Triangle of an 
Alternating-Current Circuit 

reactive meter or may be calculated from the two previous sets 
of readings in the same way that the sides of any right-angled tri¬ 
angle may be found. Or the angle </> may be found from a table of 
cosines, as the wattmeter reading divided by the apparent watts 
gives the cosine <j>. A protractor is used to lay off the angle and 
the magnetizing power is determined. This is a graphic method 
often used as a check on mathematical calculations. The reason 
these triangles are similar is due to the fact that inductance in an 
alternating-current circuit divides the current and voltage into 
two components, one acting on the resistance to produce useful 
work, and the other acting on the reactance to overcome the 
magnetic conditions in the circuit shown in Fig. 14. 

TYPES OF WINDINGS 

An alternating-current generator is a machine used to produce 
alternating current. It is made with three different types of wind¬ 
ings to produce single-phase, two-phase, or three-phase current, de¬ 
pending upon what application is to be made of the power derived 
from the machine. 

Direct current is almost always employed for exciting the 
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fields of alternating-current generators or synchronous motors. These 
direct-current exciters may be separately driven or mounted on 
same shaft as the alternator. Separately driven exciters are pref¬ 
erable, because they give more stable voltage conditions than the 
direct-connected machines. Exciters mounted on the same shaft 
with the main generator cause double the voltage variation with a 
change in speed as a separately driven unit, because an increase in 
speed will not only raise the alternator voltage but will increase the 
exciter current through the field. Thus a one per cent rise in speed 


STATIONARY ARMATURE coil 
REVOLVING EiELD 
5LIP RINGS 



DIRECT CURRENT FOR 

exciting field 


Kip:. 17. Siiu:U> T'hast* l-PoU* involving Fiold Type 
of an Alternating Current Ontinrator with Only Out) 
(•roup of Coils 


will not only raise the alternator voltage one per cent but will at the 
same time increase the field one per cent which would make two 
per cent change on the main line voltage. Separately driven units 
are more flexible in a large plant as one exciter may be made to 
supply the field for one or more generators, or exciters may be op¬ 
erated in parallel wit h other direct-current machines doing the 
same service. 

Single-Phase Alternator. As explained in the earlier pages of 
this lesson, a single-phase alternator is made with but a single wind¬ 
ing in the part connected to the line and supplying power. The 
field may be made with any number of pairs of poles. Fig. 17 
illustrates a single-phase, 4-pole, revolving field type of alternating- 
current generator. The moving parts of alternating-current ma¬ 
chinery are nearly always referred to as the rotor while the stationary 
part is called the stator. The slip rings supplying the field are 
connected to some source of direct current. There is but a single 
set of coils on the stator and hence only one source of voltage which 
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makes this machine a single-phase alternator. In many cases a 
three-phase generator is so connected that two-thirds of the coils 
are used for a single-phase machine. This arrangement will permit 
the machine to deliver 65 per cent of its three-phase capacity. 

Any machine operating as a single-phase alternator should be 
very carefully laminated throughout its magnetic circuit to reduce 
iron losses, and the pole shoes should have a heavy squirrel cage 



Pi*. 18. A Partial Kotor Assembly Showing Motliod of Fusioning Field Coils and Poles 

to Rotor 

Courtesy of Electric Machiiu ry and Manufacturing Company 


winding provided to damp out the pulsating effects of the armature 
rotation. Fig. 18 shows a sectional view of a rotor with the squirrel 
cage winding in the pole shoe. These poles are assembled from 
their laminated punchings riveted together under hydraulic pressure. 
The squirrel cage or damper winding is welded on each side to insure 
ri low resistance circuit completely around the rotor as this greatly 
increases the effectiveness of this type of winding. 

For the same kilovolt amperes output, single-phase generators 
are fully 65 per cent heavier than a polyphase generator of the same 
power factor, speed, and voltage. This makes them not only more 
expensive to build, but increases all other investment costs. 


13 
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Single-phase generators find application in electrochemical 
processes and some railway systems use single-phase power. Weld¬ 
ing transformers and electrical furnaces use single-phase generators, 
so power sometimes has to be supplied for these particular applica¬ 
tions where access to a power company line is not convenient. They 
also find some service in testing and experimental work. 

Single-Phase Two-Wire System. The single-phase generator 
connected to a line gives the two-wire system as shown in Fig. 17. 
As alternator voltages are usually higher than secondary distribu¬ 
tion voltages, a transformer is required between the generator and 
the load. The voltage used on a two-wire system is usually 110 
volts and alternators generate 220, 440, 1300, 2300, 4000, 6600, 



Fig. 19. Edition Direct-Current Three 
Wire System 


13,200 and a few 33,000 volts. The transformer ratio to produce 
110 volts on the line will depend upon the voltage at the source. 

Single-Phase Three-Wire System. The single-phase three-wire 
system has the same advantages for alternating-current systems 
as obtained with the three-wire direct-current systems discussed in 
Lesson 28. It is usually obtained on an alternating-current line by 
using a center tap on the secondary winding of the transformer. 
This method of obtaining the three-wire system has the added ad¬ 
vantage of being able to handle any amount of unbalance there 
might be, whereas, the balancer systems are definitely limited in 
ability to handle over a certain per cent of unequal load. 

Edison System. The Edison three-wire system for direct cur¬ 
rent was originally developed and used by Thomas A. Edison. He 
connected two 2-wire generators in series and connected the middle 
wire to the center point of the two machines as shown in Fig. 19. 
This arrangement provided two voltages, one for light and the other 
ior power and, at the same time, cut down transmission losses. Any 
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amount of unbalance in the load is taken care of without additional 
equipment. However, too much unbalance causes an excessive 
voltage on the side of the line with the smaller load. A similar 
system is used for alternating current from taps on transformer 
windings. 

Two-Phase Alternator. The two-phase generator is exactly like 
the single-phase alternator except that it has two separate windings 
on the stator. These windings make two entirely separate electrical 
circuits which have no connection with each other. The second 
winding, phase two, is spaced exactly between the coils on the 



Fig. 20. Two-Pha«e 4-Pole Revolving Field Type of 
ftn Alternating-Current. Oenerator with Only Two 
Groups of Coil« 


generator in Fig. 17. With the poles in the position shown in this 
figure, the voltage on phase 1 would be at a maximum as illustrated 
by the voltage at the start in Fig. 8. At this instant the voltage on 
phase 2 is zero because the pole flux is not cutting the coils on this 
phase at this instant. The position of the poles one-cighth of a 
revolution later, Fig. 20, indicates that the voltage on phase 2 is maxi¬ 
mum and phase 1 has decreased to zero. This condition is shown in 
Fig. 8 at point marked % cycle. Because these curves are 90 electrical 
degrees apart and always remain in this relative position, the two- 
phase system is sometimes called the quarter-phase system, this 
being just one-fourth of a cycle which is 360 degrees. 

Four-Wire System. An inspection of Fig. 20 shows four wires 
required to complete each of the circuits for the two phases. Whether 
these circuits are used for supplying power for lights or motors, they 


15 





16 TYPES OF ALTERNATING-CURRENT GENERATORS 


are complete and independent throughout with the voltages remain¬ 
ing on the quarter-phase angle with reference to each other. 

Three-Wire Two-Phase System. The two-phase four-wire 
system may be converted to a three-wire system by making one line 
wire common to both phases or circuits. In order for this wire to 
handle the currents in both phases, the area of copper must be ap¬ 
proximately 41 per cent larger than either of the other two. The 
current caused by the common wire is exactly the square root of 
two which is 1.41 times the current in either outside line. 

The principal reasons for developing polyphase systems was 



Fig. 21. Throo-TMiHKi* 4-Pole Revolving Fitrld Typo of 
un Alti rnnting-Curront Oonorntor with Only Throe 
Groups of ('oils 


for the use of electric motors and savings in transmission costs. 
The early single-phase motor would run, but no means was 
known for developing torque for starting. Primarily, to meet this 
situation, two-phase systems were put into use. As soon as the three- 
phase circuit was discovered, its numerous advantages over a two- 
phase circuit made it so popular that very nearly all power systems 
changed over and the two-phase circuit has almost become history. 

Three-Phase Alternator. The three-phase alternator is made 
by adding another phase to the two-phase machine. The addition 
of another set of coils makes a considerable difference in the voltage 
relations as will be seen from an inspection of the voltage curves 
shown in Fig. 10. The two-phase voltages were 90 degrees apart 
while these curves are separated by 120 degrees, which relationship 
is always maintained due to mechanical arrangement of stator coils. 



TYPES OF ALTERNATING-CURRENT GENERATORS 17 

This three-phase relationship is obtained by winding three sets 
of coils on the stator. They are practically always spaced 60 degrees 
apart, and one group is reversed so that the electromotive forces will 
be separated by 120 degrees. In Fig. 21 is shown a three-phase 
stator with the necessary three groups of coils. These are spaced 
exactly 60 degrees apart and all six ends brought out for each circuit. 
The pole position with reference to the different phases will give 
instantaneous voltages shown at the start of Fig. 10. The instan¬ 
taneous voltage on phase two is at a maximum but is negative and 
is just starting toward zero, while the instantaneous voltages on 
phases one and three are both positive, but one is on the increase 
and three is already decreasing. This condition is explained from 
an inspection of Fig. 21. The two south poles are exactly under the 
coils in phase two producing a maximum negative voyage as shown 
by Fig. 10. The two north poles are partially over both phases one 
and three. As the rotor is revolving in a clockwise direction, the 
north poles are approaching phase one thus increasing the voltage 
positively, as shown in Fig. 10, and leaving phase three which 
causes a decrease in voltage as shown on the curve for phase three. 

The leads to phase one have been reversed, which changes the 
voltage relations in the three phases from 60 degrees to 120 degrees. 
Windings for two- and three-phase stators are never wound, as shown 
in Figs. 20 and 21, this plan being used for simplicity in showing 
the phase relations. Factory windings for these machines would 
place sides of different coils in the same slot where the currents in 
the two sides would be in the same direction, as this arrangement 
gives more effective use of the iron. The diagrams become involved 
and difficult for the beginner to follow and understand the volutions 
in the various phases. 

Six-Wire System. If all leads of the three-phase groups are 
brought out as shown in Fig. 21, six lines will be required and the 
system would be known as the six-wire system but would be only a 
three-phase system. This arrangement should not be confused with 
the conditions made by the windings of the ordinary three-phase 
alternator where six coil groups are used for each 360 magnetic 
degrees or pairs of poles. This coil arrangement would cause six 
different electromotive forces which would be 60 degrees apart or 
one-sixth of a cycle and would be known as a six-phase system. 
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If, however, the coil leads are connected either star or delta and three 
leads connected to the load, the resulting currents will differ in phase 
by 120 degrees. Thus an alternator may be either a three-phase or 
a six-phase machine depending upon the connections to the load. 

Star-Connected-Four-Wire System. Figure 22 shows the coil 
groups in each phase connected together and the groups arranged 
at the 120-degree phase angle existing between each phase in the 
alternator shown in Fig. 21. Because of the fact that the instanta- 




Fif. 22. A —Schematic Diagram of a Three-Phase Generator and a Six-Wire System; 
B —Three-Phant* Generator Windings Y-Connected, Forming a Three-Wire System 


neous value of voltage or current as shown by the curves in Fig. 10 
is zero, each wire will act as a return for the other two. This makes 
possible the connection of the coil ends at the center of Fig. 22 at A 
which eliminates one wire from each phase and results in the wiring 
connection shown at B . A ground wire is frequently connected to 
the center tap and carried with the phase wires from the alternator 
through the whole distribution system. When this is done, the 
circuit is called the four-wire three-phase system. 

The star connections of the coils, shown in Fig. 22 at B, places 
two groups of alternator coils in series for a one-line phase at the 
angle of 120 degrees. This results in a higher voltage on the line by 
the square root of 3 or 1.73 over the electromotive force obtained 
from one group of alternator coils with the connections as shown at 
A. Thus the alternator would have a higher voltage output but a 
more limited current output with this connection, no gain in power 
being accomplished. 

The four-wire system of distribution permits an increased load 
on a three-wife line of nearly 75 per cent. Higher voltage trans¬ 
formers and motors may be used with resultant savings. Where 
this system has been tried, it has proved very satisfactory and ap- 
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parently no more hazardous with a good ground network than other 
grounded systems. A power company having a three-wire un¬ 
grounded system can, by increasing the generating capacity, chang¬ 
ing the transformer connections, and using the fourth grounded wire, 
increase the total load on the lines practically 75 per cent. 

Delta-Connected-Three*Wire System. Figure 23 shows the three 
coil groups for each phase in such a way that when they are joined 


phase no. / 




Three-Phase Delta Connection—Six Wires and Three Wires 
A —Another Method of Showing a Three-Phase Generator Windings and a Six-Wire 
System; B —Three-Phase Generator Windings Delta-Connected, Forming a Three- 

Wire System 

together they form a triangle or circular arrangement. Since there 
are 360 degrees in one cycle, this makes the three lines 120 degrees 
apart with reference to their phase relations. The delta connection 
gives the same voltage on each phase as the generator coil groups pro¬ 
duce, but it increases the current delivered to the line by the square 
root of 3 or 1.73 due to the phase relationship. 

The delta system is used extensively for transmission and dis¬ 
tribution work. This connection is frequently used in winding induc¬ 
tion motors as well as alternators. The power measured in kilovolt 
amperes is the same in an alternating-current generator regardless 
of the coil connection. With the star connection the voltage is 
higher by the square root of 3 and with the delta connection the 
current capacity is increased by the square root of 3 while the voltage 
remains at the single-phase value. Expressed mathematically, the 
power of the three phases of an alternator is: P—EI X where 
P is the power, E the voltage, and I the current for each phase 
as shown at A , Fig. 22. In the three-phase star-connected arrange¬ 
ment shown at B , Fig. 22, this becomes P= (sq. root of 3) X E X 
where P is the three-phase power and E and I are the voltage and 
current the same as in the single-phase circuits. Power for the delta 
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connection is given by the formula P —E X (sq. root of 3) X / and 
applies to B, Fig. 23. Thus power is the same from an alternator 
regardless of which connection is used, but the star or Y connection 
delivers higher voltage to the transmission while the delta connection 
raises the amount of current which can be supplied, the voltage re¬ 
maining the same as the single-phase potential. 

CONSTRUCTION OF ALTERNATORS 

Rating. The heating caused by the current in an alternator 
will determine its output. At normal voltage and normal current, 
a generator should not heat to a greater temperature than 40° C and 
should deliver its definite kilowatt rating at unity or 100 per cent 
power factor. Since the connected load determines the power factor 
at which the alternator must operate, its rating is usually given in 
kilovolt amperes, which is less than a kilowatt unless the power factor 
is unity. The rating if given in kilowatts is easily changed to kilo¬ 
volt amperes by dividing the kilowatts by the power factor. A 
machine with a rating of 100 kilowatts would become a 125 kilovolt 
ampere rating at 80 per cent, power factor. Ratings are frequently 
given in kilovolt amperes at 80 per cent power factor on the name 
plate of the machine. 

Mechanical. Alternators may be made with revolving armature, 
where the generating coils rotate, or with rotating fields with the 
generating coils stationary. Practically all commercial machines 
use the latter construction while a few sihall alternators are built 
with moving coils. These require all the power current to be picked 
up with brushes on slip rings and more difficulty is experienced in¬ 
sulating the higher voltages found on the generating coils. Lighter 
moving parts cut down vibration with revolving field types and make 
machines with less weight per unit of output, all of which accounts 
for the preference shown for revolving field alternators. 

The rotor or armature of the stationary field type of alternating- 
current generator is made by assembling laminations punched from 
special electric sheet steel. These punchings are varnished with 
special core varnish and assembled under pressure on a cast or steel 
spider to which they are securely fastened. Spaces are left when 
assembling to permit free circulation of cooling air. The coils on 
lower voltage armatures are wound with double-cotton or single- 
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cotton enamel magnet wire. These are then taped with cotton and 
oil linen tape, treated with waterproof and oilproof baking varnish, 
and dried in an oven at controlled temperatures. Slot insulation is 
made from a combination of insulating paper and varnished cloth. 



Fig. 24. A 11 Alternating-Current Oenorator with 11 Direct-Connected Exciter 

Courtesy of Itnpenal Electric Company 


The coils are held in the slots with wood or fiber wedges which fit 
into dovetails in the teeth of the rotor. 

The collector rings for revolving coil armatures are made of 
special bronze in order to improve wearing qualities and have low 
contact drop at the brushes. These rings must be thoroughly in¬ 
sulated from the rotor spider and yet be securely fastened to it. 
Fig. 24 shows an alternating-current unit made in capacities from 



Fig. 25. Alternating-Current Winding on Rotor of Alternator 
(Right) and Direct-Current Armature of Exciter (Left) 

Mounted on Same Shaft 
Courtesy of Troy Engine and Machine Company 

1 to 150 kilovolt amperes with an exciter unit mounted on the main 
shaft. Fig. 25 shows the rotor element with the direct-connected 
exciter unit. Note the heavy-duty slip rings and the wedges hold¬ 
ing the coils securely in the slots. 

Armature Windings. The most important of several factors 
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which affect the arrangement of the windings used on an alternator 
are: (1) wave shape; (2) coil distribution; (3) winding costs; and 
(4) efficient generation of voltage. Some other features, such as 
number of poles and frequency, will be determined by the speed to 
be used, and will also have their effects on the armature windings. 

The wave shape should approximate the sine wave, which would 
mean coil distribution up to certain limits. In order to obtain the 
required distribution to produce the desired wave shape, the coils 
must occupy several slots per pole per phase. These may be a whole 
number, but it is not necessary as l 1 /^ slots per pole per phase may 
give a satisfactory wave form. Wave form is also frequently im¬ 
proved by using a fractional pitch winding. A fractional pitch wind¬ 
ing is one which spans fewer slots than the pole covers which would 
make the coil sides somewhat less than 180 electrical degrees apart. 
This sometimes is reduced to .06 and even .5. 

Distribution of windings makes better ventilation possible and 
helps reduce leakage reactance as well as improve the wave shape. 
However this is limited, particularly on high voltage machines, as 
more insulation must be used between layers in slots and less room 
is available for copper. End turns must also be more carefully in¬ 
sulated. 

The cost of winding is an important item for consideration in 
constructing an alternator. Coils which can be formed and insulated 
before being placed in the slots very materially reduce costs and 
are better insulated. Form wound coils should all be the same shape. 
They require that the slots be open at the top, which reduces the 
efficiency of operation of the machine. However, these open slots 
may be closed or partially closed with magnetic wedges. 

Efficient generation of voltage requires that the winding must 
be arranged so there is very little bucking action present. To avoid 
this trouble, the coils must be very nearly full pitch, that is, the sides 
must be approximately 130 degrees apart magnetically. 

A careful analysis of the foregoing facts indicates that satis¬ 
factory winding of a machine will depend upon what is desired in 
the way of operating requirements such as wave form, efficiency and 
regulation as well as the first, cost involved. Where conflicting vari¬ 
ables occur, a compromise must be made which best meets the re¬ 
quirements. If the alternator is wound with three-phase windings, 
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these may be star- or delta-connected. In many cases there may 
be two independent groups of coils for each phase, especially with 
motor windings. Two sets of coils per phase make the machine 
easily converted into double normal voltage. A 220-volt connection 
can be made into a 440-volt winding by simply putting the groups 
in series. 

Figure 26 shows a winding diagram for an alternator having 18 



Pig. 26. Three-Phase Alternator Winding with 18 Slots, 18 Coils, 2-Pole Star- 

Connected 


slots with 18 coils two-pole star-connected. This makes 6 coils per 
phase and 3 coils per pole per phase. The pitch is full being 1 and 10. 
Phase 1 is shown in light lines, phase two in heavy lines, and phase 
three in broken lines. This is a very simple connection and is shown 
to give the idea of the winding layout. In practice more coils would 
be used and the coils would be placed with sides of different coils 
in the same slot, as current directions are such in three phase as to 
permit this practice. 

REVOLVING FIELD ALTERNATOR 

The revolving field alternator is built in all types including the 
belt-driven, high-speed direct-connected steam engine, slow-speed 
type, Diesel engine, turbo-generator, and the water-wheel type. 
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Figure 27 shows a high-speed alternating-current generator made 
with either two or three bearings for belt drive or with one or two 
bearings where it is coupled to the prime mover. This unit is designed 
especially for use with oil, gas, or steam engine and built in capaci¬ 
ties ranging from 12*4 to 1250 kilovolt amperes 60-cycle with speeds 
from 514 to 1800 r.p.m. Note the open frame construction with 
the ducts at frequent intervals in the stator laminations. The air 
enters the machine through the end brackets, passes over the stator 
and field coils as well as through the stator core. This is accom- 



Fik- 27. WestinghiMis** Typo O A It mint ing-Ourront Generator with Ex¬ 
citer Mounted on End of Generator 


plished by an ample system of ducts and b a files which prevents recir¬ 
culation of the heated air. A sealed type of sleeve bearing, made oil, 
vapor, and dust tight, reduces bearing wear to a negligible amount. 

Stator. The stator frame of this machine is made of grey cast 
iron with the feet cast integral with the frame. The modern trend 
in all frame construction is toward rolled and welded steel frame 
construction. The core is built up with high-grade annealed steel 
sheet punchings dovetailed into transverse ribs in the frame. These 
laminations are compressed between end rings and keyed in place. 

The coils are form wound from double cotton covered wire 
with the slot portions wrapped with fish paper and mica. This in¬ 
sulation is not affected by heat or moisture, and age has very little 
deleterious or harmful effect on its insulating qualities. Every stator 
is given a radio frequency test which indicates insulation defects on 
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individual turns. In this way the factory knows that each machine 
is free from defective coils. This defeats the chief cause of electrical 
breakdowns. Fig. 28 shows the high-frequency test being given to a 
large stator in process of construction. 



Fig. 28. Testing Alternating-Current Windings with High-Frequency Alternating Current 
Courtesy of Electric Machinery and Manufacturing Company 

Rotor. The spider of the rotor is built up with steel punchings 
riveted together under hydraulic pressure. This core is then pressed 
and keyed to a steel axle shaft or a forged flange steel shaft for 
single bearing machines. The pole pieces are assembled from the 
electrical steel laminations riveted together under pressure. These 
poles are tightly dovetailed into rotor spider and keyed in position. 
The whole shaft and rotor is made with ample strength to withstand 
the variations in angular torque produced by Diesel engines. 

The field coils are wound with copper straps or rectangular 
double cotton covered wire. As these are wound, an application of 
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insulating varnish is made to each layer and the whole coil is then 
impregnated with heat-resisting compound. Each coil is carefully 
insulated from the core and supports are provided to protect the 
coils against centrifugal forces and strains during operation. Fig. 
29 shows a rotor used with the larger machines of this type. Note 
the damper winding provided near the pole faces to minimize hunt¬ 
ing and variations in speed of certain types of prime movers. This 
addition to the rotor winding is almost a necessity where gas or 



Fig. 29. Field Winding Mounted on the Rotor of a Large Alternator 
Courteny of Wcutinghowie Electric and Manufacturing Company 


Diesel engines are used for motive power. Cast-iron collector rings 
are used almost exclusively on rotors magnetized from a direct- 
current source. 

Exciters for these alternators are usually mounted directly to 
the frame of the generator with the exciter armature mounted on an 
extension of the rotor shaft. This eliminates the necessity for exciter 
bearings. In applications where direct-connected exciters are not 
desirable, any method of drive may be resorted to. Dual drive is 
frequently used in larger power houses with motor drive a highly 
favored method. Gas, steam engine, turbo, and water-wheel units 
are frequently used to power exciters. There are a few installations 
where V-belts are used from the main alternator shaft to the 
exciter. 
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SLOW-SPEED ENGINE-DRIVEN GENERATORS 

The slow-speed generator is from necessity a massive piece of 
equipment with large weight per kilovolt amperes of output. Slow- 
gpeed machines require a larger number of poles to produce a given 



Fig. 30. Engine-Driven Type of 
Alternator. The Shaft and Bear¬ 
ings are Built as Part of the 
Engine 

Courtesy of General Electric Company 

frequency than is required with high-speed machines. In order 
accommodate a large number of poles, the rotor diameter must 
increased over what is required in more rapid moving elements. 
With slow moving field poles, larger sizes must be provided to 
furnish the magnetic flux necessary to generate the proper voltage. 
This leads to longer stator coils with increased iron in the stator. 
Figure 30 gives an excellent idea of a slow-speed alternating- 
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current generator used in direct connection to a steam or Diesel 
engine. The open style frame provides ample opportunity for good 
ventilation. The end shields are die formed and thoroughly protect 
the windings without interfering with air circulation over the stator 
coils. A pole piece for this generator is shown in Fig. 31. The damper 
windings are located in the slots in the face of this pole piece. 
The cores for these poles are assembled in the same manner 



Fig. 31. The Pole of a Slow-Speed Engine 

TypeCionrrntor 


as other field poles but are drilled and tapped for pole bolts. These 
poles are slightly spiraled on the rotor spider in order to reduce 
magnetic hum when the machine is carrying load. The field coils 
are wound with rectangular double cotton covered wire, as this 
shape increases the copper area of the coil. The usual treatment is 
given the coil to properly insulate it. 

These rotors are supplied with or without damper windings 
depending upon the operating requirements the machine must, meet. 
When these are supplied, they are made from either brass or copper 
bars embedded in the slots of the pole face, fitted into holes in the 
end rings and silver soldered under red heat. The silver solder forms 
a strong low resistance connection and has exceptional penetrating 
qualities. To facilitate pole removal, the end rings are made in 
sections. 

DIESEL ENGINE GENERATORS 

The Diesel Engine generator is of the slow-speed heavy con¬ 
struction type similar to the machine just previously discussed. Due 
to the more recent development of alternators for this type of drive, 
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the frame construction is nearly all fabricated, rolled and welded. 
The speeds of these machines very closely parallel those for the slow- 
speed engine type ranging from 257 to 450 r.p.m. Somewhat more 
rigidity must be put into the rotor shaft on account of the tendency 



Fig. 32. A Large Slniv-Speed Alternator to be Driven by a Diesel Engine 
Courtesy of Electric Machinery and Mnnufar.tunny Company 


of Diesel engines producing oscillating torque effects. Heavier 
damper windings are used on the poles to aid in smoothing out the 
engine torque when alternators are constructed especially for 
this prime mover. Fig. 32 shows a fabricated frame alternator 
built to operate with Diesel engine drive. Note the extremely 
heavy rotor flange to which the poles are bolted. The ad¬ 
ditional flywheel effect secured with this material is an aid to 
smoother operation of the unit. Even with the heaviest rotors, ad¬ 
ditional material is required to keep down the hunting tendencies 
of Diesel driven alternators. A heavy flywheel is usually provided 
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for this purpose. Fig. 33 shows a modern Diesel direct connected 
to an alternator with the stabilizing flywheel. Reciprocating steam 
engine driven generators have this same hunting tendency, but it 
is more pronounced in the Diesel so that heavier flywheels are re¬ 
quired than are ordinarily used with steam units. 



Fie. 33. A Diesel Engine Plant Consisting of Two Alternators with Direct-Connercted 

Kx< iters 

Courte*!/ of Electric Machin* • y and Manufacturing Company 


TURBO-GENERATORS 

Turbo-generators differ very materially in design and appear¬ 
ance from other types of generating equipment. The high speeds at 
which the rotating element operates requires a small diameter in 
order to reduce the stresses set up by centrifugal action. Noise and 
vibration set up by high-speed machines are muffled to some extent 
by totally enclosing the unit with sound deadening materials. In 
order to cool the equipment under these conditions, forced ventila¬ 
tion is resorted to. With the larger units this circulated air is w T ashed 
and cooled before being blown through the alternator. 
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Many smaller units use reduction gears between the turbine ele¬ 
ment and the generator shaft. With geared units the generator can 
be of the standard belt-driven type. With capacities ranging from 
10,000 up to 200,000 kilovolt amperes gearing would not be feasible. 
Fig. 34 shows a belt-driven type alternator connected to the steam 
turbine with reducing gears. Note the direct-connected exciter unit 
mounted on the alternator frame. Units of this particular type 
shown are made in capacities from 30 to 50 kilowatts. 



Fig. 34. A Medium Size Alternator Driven through Reduction Genrn by a Small 

Steam Turbine 

Courtetty of Westmghouse Electric and Manufacturing Company 


The large high-speed direct-connected generators, Fig. 35, re¬ 
quire a considerable change in the design from other types, especially 
in rotor construction. Note the totally enclosed features with ar¬ 
rangements for quick removal when cleaning and inspection are 
necessary. The pedestal-type bearing permits the rotor to be easily 
and quickly lifted from the stator with overhead crane should re¬ 
pairs be necessary on windings or bearings. 

Stator iron and coil construction are not essentially different 
from other types of alternating-current generators. The iron is 
stacked so the slots are longer to accommodate the rotor poles. 
Coils are considerably longer with the straight sides imbedded in the 
stator slots wrapped with mica insulation. On account of the greater 
flexibility required at the ends of the coils these are wrapped with 
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treated cloth tape. Mica wrapped coils have greater dielectric 
strength, better heat conducting qualities, which improve reliability 
and efficiency for machines insulated with it. Better anchorage for 
the armature coils is secured through the use of insulated brackets. 
Adequate bracing is obtained by lashing the coils to these supports 
at frequent intervals. 

Temperature detectors for checking the operating temperatures 



Fip H5 A I.uruo Hiph Speed Horizontal Turbo Alternator Tvpe of Generator 
Courtmy of \\ t itnujhoun Ehttru and Manufacturing Company 


are located in the stator slots at points where the heat is expected 
to be greatest. 1 

The rotor, shown m Fig. 30, is machined from a solid steel forg¬ 
ing. The slots for the field coils are machined radially to reduce 
noise from magnetic effects on the stator laminations. Field wind¬ 
ings are made by forming continuous copper strip wound edgewise 
to form the coils. Metal wedges hold them securely in the slots. 
Mica strip is used between the conductors for turn insulation while 
moulded mica is placed between the coils and the pole piece. As 
the coils are made, each turn is given a treatment of special insulat¬ 
ing varnish The end turns are securely braced and the rotor 
is finally baked at a high temperature during which time it is 
subjected to a very high pressure applied through the use of 
clamping rings. This treatment eliminates air spaces and forces 
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all excess binding material so the whole coil becomes an almost solid 
homogeneous mass. 

Collector rings are made from a tool steel forging. These are 
then shrunk on a mica bushing which insulates them from a steel 
bushing pressed on the shaft. All joints and connections to these 
rings are silver soldered at high temperature to prevent loosening up 
under normal operation. 



Fig. 30. Kotor of u Hi^h Turbo-Alternator 

Courtesy of \Y* stinyhousc Electric and Manufact urinq Company 


WATER=WHEEL GENERATORS 

Alternators for use with water-power units are made in both 
vertical and horizontal types. A far greater percentage of water¬ 
wheel driven machines are for vertical drive. The slowest speed 
machines made are driven by hydro units. The 9000 kilovolt 
ampere units at Keokuk are only 58 revolutions per minute and the 
5000 kilovolt ampere units at Niagara run 250 revolutions per 
minute. The units for use with low heads of water run slower than 
higher head machines. Fairly high speeds are used on water-wheel 
units, 300 to 600 r.p.m. being common in capacities ranging from 
10,000 to 20,000 kilovolt amperes. Next to turbine driven units 
the water-wheel generators are the largest constructed, as capaci¬ 
ties as large as 22,000 kilovolt amperes have been built in 
horizontal type and 45,000 kilovolt amperes in the vertical type. 

Figure 37 shows one of the large slow-speed water-wheel genera¬ 
tors in operation at Muscle Shoals. The stator design of these large 
machines does not vary greatly from other types of alternating- 
current generating equipment. In some of the larger machines, the 
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section of the coil in the slot is treated with bakelite and hot pressed. 
This process makes a more rigid coil which is less subject to damage 
to the strand insulation while the coils are being assembled in the 
stator. 

Due to the wide range of speeds at which various water-wheel 



Fig. 37. A 25,000 Kv a. Vertical Water Wheel Type of Generator 
Courtesy of Wmtinghausc Electric and Manufacturing Company 


units operate, no single design of rotor will meet all requirements. 
For lower peripheral speeds a fabricated steel spider is employed 
as shown in Fig. 38. The poles are either bolted or dovetailed to the 
rim, Fig. 39. For the moderately higher speeds laminated steel or 
steel plate is used. The large relatively high-speed machines have 
a laminated rim, Fig. 40, to which the pole pieces are dovetailed. 
The coils for the rotor poles are usually double cotton covered 
magnet wire for the smaller sizes and strap wound for the larger 
units, as shown in Fig. 39. 

Many smaller hydro plants have been made for full automatic 
operation. Thermal protection is provided in the winding and bear¬ 
ings through relays which fully protect the units against overload 
or oil failure. In case of a shutdown the machines will go through 
the sequence of starting operations three times. If at this time the 
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trouble has not cleared, an attendant must visit the plant and clear 
the difficulty before the machine can be operated. 

MOTOR GENERATORS 

Motor generator sets are made in practically all capacities from 
fractional horsepower units used for supplying radio sets to 7000 



Fig. 38. A Rotor Built up by Welding Steel Plates and Angl«*B. The Poles 
are Fastened to the Rotor by use of Dovetail Slots 
Courtesy of Wcatinghousc Electric and Manufacturing Company 


kilowatt sets used for large power applications. Some of these are 
used to convert alternating-current to direct-current while others 
change direct-current to alternating-current and some direct-current 
to direct-current where a change in voltage is desired. 

A line of small motor generator sets has been made for produc¬ 
ing alternating-current power to operate radio sets in locations where 
only direct-current power is available. Some of these were only 100 
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Pif 40. A Large High Speed Rotor *»th Pole Pieces 
Dom tailed to It • 

Courtesy of H'«<ti«i;/K)us Elutnc and Manufacturing Company 
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watts for isolated plant use, usually 32 volts direct-current to 110 
volts alternating-current. Others for hotel and similar service were 
one kilowatt units and operated on 115 volts direct-current to 110 
alternating-current. All the radio sets in one section of a building 
would be operated from a single unit. Motor generator sets are 
rapidly being replaced by converters as they operate more efficiently 
and cost less to build than do motor generator sets. See Fig. 41. 

HIGH-FREQUENCY GENERATORS 

A line of high-frequency generators which will vary the fre¬ 
quency from 60 to 240 cycles is made in capacities from 5 to 100 
kilowatt. These machines are sometimes referred to as frequency 
changers. A machine of this type is usually made from a slip 



Fig. 41. A Motor Generator Set. An Adjustable Speed Direct- 
Current Motor Is Driving an Alternating-Current Generator 
Courtesy of Reliance Electric and Engineering Company 

ring motor preferably driven by a variable speed motor. The stator 
of the slip ring motor is connected to the line and the motor to be 
driven to the slip rings. The variable speed motor drives the rotor 
of the slip ring motor in the opposite direction from which the stator 
currents would rotate it. This will produce frequencies from the 
line frequency up to three times line frequency by 50 per cent over 
speed in the rotor; thus a 4-pole 60-cycle slip ring motor driven at 
2700 r.p.m. will produce 180 cycles. A 2-pole motor connected to this 
frequency changer would have an operating speed of 10,800 r.p.m. 
Woodworking plants frequently require high-speed motors, and 
motor generator sets, arranged as described, produce the necessary 
speeds. 
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Machines have been made for producing very high frequencies, 
some as high as 5(X),000 cycles for operating induction coils. At 
the present time all new high frequency circuits are operated from 
oscillations set up by vacuum tubes. This method is proving so 
satisfactory that motor-generator machines are no longer advertised 
for this purpose. 



A SYNCHRONOUS INDUCTION MOTOR AND EXCITER ARMATURE, WITH TOP HALF 
OF BEARING BRACKET AND EXCITER FRAME REMOVED TO SHOW THE 
DIFFERENT WINDINGS 
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ALTERNATING-CURRENT 
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FOREWORD 

The alternating-current system of power generation and distri¬ 
bution has been almost universally adopted since the invention of 
the transformer and the induction motor. The transformer has made 
possible the transmission of power over great distances with relatively 
low losses at high voltages and ready step-down to usable voltages at 
the point of use. The relative simplicity of alternating-current 
machines, both generators and motors, allows them to be produced at 
less cost than that of direct-current machines. In addition to the 
advantage of lower purchase price, alternating-current machines, 
because of their reduced number of parts, cost less to maintain. 

4 

FREQUENCY OF ALTERNATING-CURRENT SYSTEMS 

In the early days of power-distribution systems and the manu¬ 
facture of electric machines, a number of frequencies came into use 
because of lack of standardization and differences of opinion as to 
the best frequency from the standpoint of design. Consequently, 
frequencies of 25, 30, 40, 50, and 60 were used. Proponents of each 
system felt that certain advantages outweighed the advantages of 
? standardization. 

Design difficulties in machines of higher frequency were over¬ 
come as engineering and manufacturing technique advanced and the 
advantages of higher frequency became obvious. Since high frequency 
eliminates visible pulsation, thus improving lighting service, 60-cycle 
systems have become standard in the United States. The few remain¬ 
ing systems of lower frequency are rapidly being converted to 60 
cycles to allow interconnection without the necessity of expensive 
frequency-changer sets at interconnecting points. 

Therefore, purchasers of power will find 60-cycle systems avail¬ 
able in practically every part of the United States. Anyone eonsider- 
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ing the installation of an isolated generating plant should plan to use 
the 60-cycle system. The relatively greater availability of 60-cycle 
apparatus and devices, at lower cost, and the possibility of parallel 
or stand-by operation with purchased power warrants such a decision. 

TYPES OF ALTERNATING-CURRENT SYSTEMS 

Power will be derived from the incoming circuit of a power- 
distribution company or from one or more plant generators. 

Single-Phase Type. The use of single-phase generators for gen¬ 
eral power is so infrequent that its principle will not be discussed here. 



However, the derivation of single-phase circuits from a power-distri¬ 
bution system for lighting and for small motor loads is common. 
Single-phase generators are not used for large concentrations of 
power load, but may be used on small motor loads where the cost of 
running three-phase feeders to the motors would more than offset 
the higher cost of single-phase motors and slight added capacity in 
the single-phase line above requirements for lighting only. 

Pig. 1 illustrates the use of an insulating-type, single-phase 
transformer with multiple primary and secondary windings in pro¬ 
ducing a 115/230 volt, three-wire system for lighting distribution. 
The same transformer with its primary coils in parallel may be con¬ 
nected across 230 volts, two-wire, to produce 115/230 volts, three- 
wire, on the secondary. As shown, lights and small motors are con¬ 
nected across 115 volts, and motors may be connected across 230 
volts. Phase wires A and B need be large enough to carry the rated 
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output of the transformer, I ———. Neutral wire A' need be only 
large enough to carry the unbalance in load between two halves of 



Fig. 2. Voltage Curves for Two-I’hase Alternator 


the three-wire system. The load between two halves should be 
divided as evenly as possible. In no instance should unbalance be 
such as to produce current in N in excess of 10 per cent of line current 
in A and B. Otherwise, neither the transformer nor line capacity will 
be utilized efficiently. 

Two-Phase Type. Although gradually being replaced by three- 
phase systems, there are a number of two-phase distribution systems 
in use in this country. Two-phase may be derived directly from 
generator terminals or by transformation from a three-phase system 
to supply existing two-phase distribution systems. 



A two-phase alternator has two separate armature windings so 
placed that the voltage generated in each winding is displaced 90 
degrees out of phase with the other. Fig. 2 shows the two voltages 
plotted with one-phase voltage leading the other by 90 electrical 
degrees. Since there are 360 degrees per cycle, one phase leads by 
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one-quarter cycle and, therefore, such units are sometimes called 
quarter-phase generators. 

Fig. 3 shows the winding of a two-phase, four-wire generator. 
Voltages of phases A and B are equal. If the windings are connected 
so that one conductor of each phase is common, as shown in Fig. 4, 
we have a two-phase, three-wire system. When the mid-points of both 
windings of a quarter-phase generator are tied together, as on some 
machines, this system cannot be used. If the voltage of either phase 
is equal to E, then the voltage across the free ends of the intercon¬ 
nected phase will be equal to E\J2. 

In the vector diagram shown in Fig. 4, the two lines which repre- 



Imr. 4. Wiring Diagram for TVo-Pha.se deaerator Arranged for 
Throe - W i re Sys tern 


sent the voltages E are 90 degrees apart and form a right angle. A 
square can be formed by drawing the two dotted lines parallel to the 
lines E. In finding the length of the diagonal line, it is necessary to 
apply the law of the right triangle, which is as follows: The hypote¬ 
nuse of a right-angle triangle is equal to the square root of the sum 
of the squares of the two sides adjacent to the right angle. Then con¬ 
sidering the value of E to be 1, the value of Er is equal to the square 
root of 1 2 +1 “ == \/i + 1 = \/2 which is 1.414. Therefore, Er = E\^2. 

The current in any wire of a two-phase, four-wire system is 



in which kw is capacity of generator; E, voltage of phase A or B . 
The current in the common or neutral conductor of a two-phase, 
three-wire system is \/2 or 1.414 times the current in the other con¬ 
ductors with balanced load. 
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If it is desired to produce a two-phase, four-wire circuit from a 
three-phase, three-wire system, Scott-connected transformers may 
be used, as shown in Fig. 5. In a two-phase system, since the phase 
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Fig. 5. Three-Phase to Two-Phase Transformation by 
Scott Connection of Transformers 


voltage is generally 230 volts or 400 volts, a lighting circuit is obtained 
by use of a single-phase 115/230 volt, secondary-winding transformer. 

Three=Phase Type. Three-phase generators have their armature 
windings divided into three sets of coils so arranged as to produce 



PHASE a 

Fig. 6. Voltage Curves for Three-Phase Generator 


electromotive forces 120 degrees apart, Fig. 0. Armatures may he 
either Y- or A-connected, Figs. 7 and 8. In a Y-connected system 
the line voltage Er is greater than the voltage produced by that 
particular phase-winding, as is shown by the vector diagram in Fig. 7. 
By the use of trigonometry, the line voltage Er has been found to be 
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equal to the phase voltage times the square root of 3 or 1.732 E. The 
current in each line wire is the same as the current in eac h phase 
winding. 

In a A-eonneeted system, the line voltage is the same as the phase 



voltage, hut the current per line is tlx* \ 3 times the current per 
phase. In either system, star (V) or delta (A) 

W = EI\/:\ 

for a noniuduotive circuit, in which IT is watts output, E is pressure 
in volts, and / is current in amperes. 

For an inductive circuit whose power factor is less than unity 

IF = El v 3 cos 0 

in which cos 0 is power factor. 

When using transformers, a three-phase, three-wire circuit may 
he produced hv use of two single-phase transformers with secondaries 
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connected in open delta. This allows minimum first cost with the 
possibility of adding a third single-phase transformer at a later date, 
if load builds up to demand it. 

A major development in recent years is the three-phase, four- 
wire system of secondary distribution for buildings and manufactur¬ 
ing plants. Where large blocks of power are generated and dis¬ 
tributed, it is common practice to ground the neutral or common 
point in a Y-connected generator or transformer, thereby creating a 
three-phase, four-wire system. This allows transmission at a voltage 
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\/3 (1.73) times the phase voltage of the generator or transformer 
windings, resulting in less copper loss and making possible the use 
of lower priced cable. 

The most common voltage used on this system is 120/ 208 volts, 
Y-oonnectcd. It is derived from secondaries of three single-phase 
transformers with 120-volt secondary windings, Y connected, as shown 
in Fig. 0. In this system, the voltage from each phase* to neutral = 
or 120 volts, and the line voltage, phase to phase, Kn — \/3 X E or 208 
volts. 

In practice, the three phase conductors and the neutral con¬ 
ductors are carried throughout the plant or building, the three phase 
lines being connected to 208-volt, three-phase motors. One or more 
phase wires and the neutral are used for lighting requirements. Con¬ 
nection from phase to neutral allows 120 volts for lighting and for 
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small motors, without the need of adding transformers to provide 
lighting circuits. The lighting load is evenly divided between phases 
and neutral so that the neutral conductor need be only large enough 
to carry the unbalance, never greater than 10 per cent. 

System Voltages. The most commonly used distribution systems 
are at 4.OCX), 2,300, 400, or 240 volts, all three-phase, three-wire, and 
120/208 volts, three-phase, four-wire circuits. Voltage selection de¬ 
pends on many factors including kilowatts of load to be distributed 
and distance to lie transmitted. If a 2,300 or 4,000 volt distribution 
system is used, it is necessary to install step-down transformers at 
points of use of smaller motors and of lighting. This reduces the 
copper losses and permits use of smaller sizes of cable. A similar 
reduction is necessary for lighting purposes when a 400 or 230-volt 
system is used. 

Small plants and buildings may be served by 400 or 230-volt, 
three-phase, three-wire circuits to motors with separate 115/230-volt 
lighting system, or by 120/208-volt Y three-phase, four-wire system. 
Generators can be selected to generate at any one of these voltages. 
The circuit can also be derived from step-down transformers. 

Selection of a Distribution System. Unless some special con¬ 
sideration incident to existing equipment, is required, the system 
selected should be 00-eycle. three-phase, and either 400/230 volt, 
three-wire, or 120/20N volt (Y), three-phase, four-wire. The final 
selection can be made only after a thorough study of all costs in¬ 
volved for a particular plant or building. 

SELECTION OF GENERATORS 

Modern alternating-current generators, sometimes called alter¬ 
nators, are constructed with a stationary armature or stator wound to 
produce single-phase, two-pluise, or three-phase voltage, and a revolv¬ 
ing field or rotor excited from a separate 125- or 230-volt direct- 
current source. Machines up to 1.2<K) r.p.m. have their field coils 
protruding from the rotor and are called the salient-pole type. See 
Figs. 10 and 11. On turbine type generators operating up to 
3,(W0 r.p.m., the field coils are imbedded in slots of a cylindrical steel 
rotor to reduce noise and wind friction and to provide necessary 
strength for ojHTation at high speed. The exciting current is brought 
to the revolving field through stationary brushes which run on 
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collector rings mounted on and insulated from the shaft. The ter¬ 
minals of the field winding are brought to these rings. In most 
instances, especially on generators 6(X) r.p.m. and above, the exciter 
\s direct-connected to the generator shaft. The formula, 


/= 



r.p.m. 

(kT 


(i) 



Fig. 10 Revolving Field for 250 Kvn Cl50 Kw). 00 Per Cent 
Power Fart or, 1,200 H pin. Generator 


where* 


/ = cycles per second (frequency) 

/* = number of poles (always an even number—2, 4, 0, etc.) 
r.p.m. = revolutions per minute 

determines the fundamental characteristics of all alternating-current 
machines, both generators and motors. Therefore, after the frequency 
of the system is known, the operating speed may be determined. 
Where frequency is, let us say, 00 cycles, the maximum synchronous 
sjieed of the machine will be d,000 r.p.m., and so on down to 1,800, 
1,200, 900, 720, 000 r.p.m., and so forth. 

Let us assume that it has been decided to generate all or part of 
the power required in a particular plant or building. The most impor¬ 
tant problem at this point is to determine the size of the generating 
Unit or units required. Generators are rated in kilovolt-amperes at 
0.8 power factor or the resulting kilowatts—for example, 250 kva at 
0.8 power factor or 200 kw—since it may be assumed that the average 
inductive load of motors will be 0.8 power factor, lagging or higher. 
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Generators are designed with fields and exciters of sufficient capacity 
to produce leading kva to offset the lagging kva of inductive loads 
and are sometimes rated 0.7 and 0.6 power factor or lower for special 
conditions. ^ 

Typical generators of small and medium size are rated as stand¬ 
ard 125, 15G, 187, 210, 250, 312, 375, 438, 500 kva and so forth, up 
to 1,000 kva in standardized steps. Standard ratings are based on 
50°C. rise on the armature for continuous loading at rated kva. 



Fig II. Stator for 250 Kva i 150 Kw). HO Per Cent Power Factor, 
1,200 U p.in. (.loner itor 


Such generators are nominally rated machines. For special loading 
conditions, requiring overload for definite periods, a special rating 
may In* purchased—for example, rated load 40°C. rise continuous, 
25 per cent overload two hours, 55°G rise; or rated load 50°(\ rise 
continuous, 10 per cent overload, two hours. The last-mentioned 
rating is standard for generators driven by Diesel engines. 

The nature of the load will be taken into consideration when 
selecting the size of generating units. Only in rare instances will the 
load be constant over the entire operating period. It is probable that 
there will be an established minimum, for example, 200 kw, above 
which the load will increase during peaks. If, then, we establish 
200 kw as the base load, we may pick a generator of that capacity 
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as the base generating unit, with additional unit or units to carry 
added load to peak requirements. 

Since no generating unit can be considered indefatigable, it is 
necessary to plan for stand-by or spare generating capacity against 
the time when each unit must be taken out of service for periodic 
overhauling or repair. In anticipation of such times, the size of 
units for stand-by or peak requirements should be such that one or 


400KW 

■ 

■ 

n 

■ 

■ 

g 

i 

■ 

i 



300 KW 

■ 

1 

i 

■ 

i 

■ 




_v 

200KW 











\ 

fOOKW 







; 






TIME 7 & 9 10 n 12 / 2 3 4 5 6 

AM. M. P.M 

Fi|*. U. Typical Plant Load 


more of the stand-by units will carry the base load when the base load 
machine is out of service. 

In Fig. 12, 200 kw is base load and 100 kw is maximum load. 
The base load generating capacity should consist of one 2(X)-kw 
machine or two 100-kw machines, with an added 200 kw of capacity, 
either one or two machines, to take care of peaks. Considering the 
setup from the standpoint of stand-by capacity, one machine can be 
taken out of service, leaving 200 or 300 kw of generating capacity, 
which would allow operation at reduced output during a period of 
repair or overhauling. 

Type of Prime Mover. The selection of the prime mover to drive 
the generator depends upon several considerations. For example, if 
suitable boiler capacity is available and exhaust steam is required for 
heating purposes or for process work in a factory, a reciprocating 
steam engine or, more probably, a non-condensing steam turbine may 
be desirable. The exhaust steam may then be utilized. In many 
instances, process steam at pressures higher than atmospheric pres- 
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sure are required. Then the modern steam turbine with facilities for 
extracting or “bleeding” at different pressures is best suited. Fig. 13 
shows a 2,500-kw, (iO-cyele generator direct-connected to a con¬ 
densing type turbine. 

Comparing these two types of steam-driven prime movers, the 
advantages of the turbine immediately become e\ident. Turbines 
operate most efficiently at higher speeds, 1,S(K) or 3,1)00 r.p.m., where- 



1’iR 1J Con<ieti<mK sttum fuilmic (Jcntrator Sit (2 500 Kw) 


as engines are inherently slow-speed. The combination of a high-speed 
turbine dmvt-eonnec ted or geared to a high-speed generator and 
e\< iter is 4 i less costly and, at the same time, more efficient unit than 
the slower speed engine with its generator, usually- direct-connected, 
and with a belted or separate exciter set. 

During recent years, the internal combustion engine, notably of 
the Diesel type, has hern ele\eloped to the point where it can he used 
efficiently as a prime mo\er for gt nerators. Diesel engine's are a\ ail- 
able m speeds ranging from 277 r p.m. in larger sizes te> 1,200 r.p.m. 
in meelium and small capacities. Generator* are built to direct- 
connect at any of those speeds Fig. 1 \ illustrates ty pieal construction 
of a generator anef exciter for coupling to slow-speed engine. 
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In some cases, a combination of steam-driven and internal com¬ 
bustion prime movers may be desirable. For instance, during the 
winter months a turbine-driven generator may be desirable to furnish 
exhaust steam for heating purposes, with the added requirement of an 
internal combustion driven unit for peak loads. During the months 
that require little or no steam, the load may be carried by one 
or more internal combustion driven generators. 
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Mechanical Characteristics of Generators. The nature of en¬ 
closures, treatment of windings, and other related characteristics of 
alternating-current generators are similar to features described for 
direct-current generators. The same conditions dictate selection of 
different features regardless of the type of system—direct-current or 
alternating-current, single or polyphase alternating-current, etc. 


SELECTION OF ALTERNATING-CURRENT MOTORS 

Alternating-current motors are available in many types for 
operation on all commercial frequencies, 60-cycle predominating; for 
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single-phase and polyphase circuits; and in horsepower sizes for differ¬ 
ent system voltages, as indicated in Table I following: 

TABLE I 

Standard Motor Voltages and Horsepower 



Siiwh Wia** 


7 wo- and 7 hn e-PhaM 

\ oltajrf 

Min Hp 

Max lip 

Voltage 

Min Hp 

Max Hp 

no u % ljo 
220 2.10 2 10 
4 IO » -0 

No min 

No nun 

v> 

10 

10 

110 11% 120 
220 2*0 2 10 
HO % %() 

2200 2.100 
l(KK) 11 BO 

No min 

No nun 

No min 

40 

7% 

1 '» 

200 

. r >oo 

No max 

No max 


GENERAL CONSIDERATIONS 

The following factors should be considered when selecting 
alternating-current motors. 

Horsepower Rating. It is, of course, essential to select a motor 
capable of earn ing the required load without o\erheating and result¬ 
ant damage to insulation. Modern insulating materials allow a tem¬ 
perature rise on open motors of 10°(\ (,V> 0 (\ for enclosed motors) 
abo\e an assumed ambient or room temperature of or a total 

temperature of SO°C on ("hiss A insulated motors. Where ambient 
temperatures higher than 10°(\ are eiu ountered, ( lass A motors 
with lower temperature rise, sa\ ' , muv be used as long as the 
total temperature does not exceed B0°(' for enclosed motors. These 
limits ma\ be raised to IH>°<\ total temperature for open motors 
and Mo°(\ for enclosed motors with ( l,»ss B insulation. 

Modern (so-ealled general-purpose) poh phase motors are not 
rated up to their maximum safe output, but have a service factor of 
1. lf> at rated v oltage and frequency . For instance, if the load require¬ 
ment is 22, instead of applv ing a 2~>-horM power motor it is permissible 
to use a 20-horsepower motor, since 20X1.lo (service factor) 
horsepower, the permissible load, and is within the accepted safe 
limits of temperature rise for the insulation. However, the manu¬ 
facturer’s guarantees of efficiency and power factor, which are based 
on normal rating, do not apply in those instances where the service 
factor rating is used. 

Loads which art' fairly constant for long pericxls require motors 
rated at the maximum requirement. For example, let us assume that 
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the steady load for the greater part of the time may be 40 horsepower, 
but under certain conditions the load may rise to 49 horsepower for 
^periods of 30 minutes or more. A 50-horsepower motor would then 
be required. This period of permissible short-time overload varies 
from 15 minutes to 2 hours for different sizes of motors, and such 
conditions must be referred to the manufacturer. 

Special-duty cycles, involving large variations in load, accelerat¬ 
ing, and retardation peaks, and periods of standstill require special 
calculation and should be referred to the manufacturer. A motor 
of correct thermal capacity and adequate torque to handle all loading 
-Renditions of the cycle will be selected. Too large a motor should not 
be applied—first, because of unnecessary cost, and second, because 
an underloaded motor product's poor power factor. (See Power- 
Factor Correction in this section.) 

Altitude. Standard ratings of motors art' applicable tor altitudes 
not exceeding 3,300 feet above sea level. At higher altitudes, the 
temperature rise at rated load will increase approximately one per 

for each 330 feet increase in altitude. Special motors are, there¬ 
fore, required to keep the insulation temperature within allowable 
limits. 

Variation in Voltage and Frequency. The starting torque of all 
alternating-current motors varies with the square of the voltage 
impressed on the motor terminals. For instance, consider a motor 
wound for 220 volts and with rated starting torque equal to 200 per 
cent of the full-load torque. If the system voltage drops to 200 volts, 

* . . 200 squared 

the actual starting torque will be ,X200 per cent or 175 

220 squared 

per cent of full-load torque. Slight changes in frequency will affect 
only the synchronous speed. 

In general, motors will operate successfully (without, however, 
meeting guarantees) where: 

1. The variation in voltage does not exceed 10 per cent above or 
below normal. 

y 2. The frequency does not vary more than 5 per cent above or 
below normal. 

3. The sum of voltage and frequency variation does not exceed 
10 per cent (provided frequency variation does not exceed 5 per cent) 
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above or below normal voltage and frequency rating as stamped 
on the motor name plate. 

Standardization and Safety. Motors and control must conform ^ 
to local and national standards in order to (1) be allowed connection 
to the power circuit, (2) satisfy safety and fire underwriter require¬ 
ments, and (d) allow lowest possible insurance rates. Recognized 
standards arc as follows: 

1. National Electrical Manufacturers Association (NEMA) standards, which 
s|x*cify mounting dimensions for induction motors, allowing ready interchange¬ 
ability of different makes of motors. 

2. American Institute of Electrical Engineers (AIRE) standards, which specify 
the temperature limits of insulation materials and prescribe methods of rating 
and testing apparatus. 

3. National Electric (NK) code, which is the general guide of city and insur¬ 
ance company inspectors in determining the type of enclosures and protection 
and installation <>f motors. 

4. State laws, which are directed to increased safety to life and property and 
reduction of tin hazards. 

6. City ordinances, which may include additional required precautions for 
prevention of human injury or tire damage. 

The products of recognized manufacturers incorporate features which 
satisfy these requirements, and these products may he selected for 
each application. 

TYPES OF ALTERNATING-CURRENT MOTORS 

Alternating-current motors may he classified generally as either 
induction or synchronous types. 

Induction Motors. Induction motors, both single-phase and 
polyphase, are simple in design, sturdy in construction, and require 
minimum care from tin* standpoint of operation and maintenance. 
They can he started by being thrown directly across the line, or by 
being accelerated automatically with magnetic control devices, with¬ 
out undue precaution as to sequence of operation by the attendant. 

Induction motors operate at less than synchronous speed when 
loaded, the amount of lag or slip varying with the load. The power 
factor of induction motors is always less than unity and is lagging 
due to the lagging reactive component of magnetizing current. 

All types of induction motors are based upon the principle that 
a rotating field is set up in the stator which in turn induces currents 
in the rotor winding. The reaction between the rotor winding and 
tile revolving field causes the rotor to revolve. 
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Squirrel-Cage Induction Motor. The simplest form of induction 
motor is the “squirrel-cage” type, so called because its armature or 
rotating element, with bars short-circuited at their ends by heavy 
copper end rings, resembles a squirrel cage. See Fig. 15. The squirrel- 
cage principle is used in both single-phase and polyphase motors. The 
stator windings are distributed in the same manner as those of an 
alternator. Tin' line leads are connected directly to the terminals of 
the stator, and there are no external connections to the short- 
circuited rotor winding. 



Fig. 15. Showing F.mi < 'oii.-truction *«f S«|inru*l~< ;u’«* llotor 


Synchronous Motors. Synchronous motors, built, commercially 
only for polyphase circuits, resemble revolving field alternators and, 
f in fact, can be operated as alternators when connected to a driving 
unit of proper speed. Modern, general-purpose synchronous motors 
are built to operate under conditions of starting and running torque 
comparable to those named for induction motors and are about, as 
simple in operation. Their somewhat higher price is not warranted 
in the smaller sizes, but they are available in horsepower capacities, 
speeds, and voltages paralleling induc tion motors above 20 horse¬ 
power. 

Synchronous motors operate at synchronous speed and at unity 
power factor, or with leading power factor to compensate for the 
lagging power factor of inductive devices. 

The development of starting equipment, both sernimagnetic and 
magnetics using automatic field application devices, has made the 
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synchronous motor practically as easy to operate as the simpler 
induction motor. 

Single-Phase Motors. Because the squirrel-cage, polyphase 
motor is simpler in mechanical design and superior in operating 
characteristics to any design of single-phase motor, it is recom¬ 
mended wherever it is possible to obtain economically a three-phase 
service. Howev er, it is recognized that in many locations, such as in 
rural and residential sections and in isolated parts of plants and 
buildings, it is impractical to install a three-phase power circuit for 
one or a few small motors. 

Any Y-connected, three-phase induction motor, when connected 
with two of its line leads to a single-phase power source, will operate 



I’ir 1(1. S*|Uirrel~('jti.M’ Hot»r for Iligli-Kesistuiice. 
Split -Phase Motor 


as a single-phase induction motor once it is brought up to speed. 
But such a motor lias no starting ton pie because the course of the 
moving field produced by the stator winding is, at standstill, more 
nearly a straight lira* than a circular one. Therefore, it lias no starting 
torque and will not start unless some means is introduced to cause 
phase displacement between the fields sufficient to produce an ellip¬ 
tical revolving field. The several principles employed to accomplish 
this end make the development of the single-phase motor to its 
present standard of performance an interesting study. 

Split-Phase, Single-Phase Motors. The split-phase motor is 
built with a single-phase stator winding plus an auxiliary winding in 
space quadrature (IK) degrees out of phase) with the main winding. 
This auxiliary winding is similar to the use of the third phase of a 
Y-eonneeted three-phase winding where the third phase is 120 degrees 
out of phase with the main winding. The rotor is of the squirrel-cage 
type. 
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In tiie early motors of this type, the supply current was divided 
before it reached the motor. One branch passed through a reactance 
to the main winding, and the other passed through a noninductive 
resistance to the auxiliary or starting winding. When current was 
applied to this connection, the motor came up to speed lifter which 
the starting winding ami the line reactance were cut out of the 
circuit by an external manually operated starting box. 

In modern practice, the split-phase motor is built only in small 
sizes up to horsepower, for applications whose torque and duty 



Fir 17. Split-Pha^c Motor with Rubber Cushion Bime 


requirements are not severe. In these motors, the reactance is omit¬ 
ted; the extra resistance is produced in the starting winding itself by 
In' use of high-resistance wire. The starting winding is cut out of 
die circuit by a eentrifugally operated switch when the motor has 
come up to speed. See Figs. 10 and 17. Required control equip¬ 
ment is very simple and need be no more than a one- or two-pole 
switch to disconnect the two line terminals from the power source. 

Split-phase motors are essentially constant speed. For very 
special low-torque applications, such as variable speed propeller 
fans, the variable speed is secured by inserting steps of resistance 
in series with the line. This practice is not recommended without* 
special care in application, because operation below the speed at 
which the centrifugal switch is actuated will burn out the starting 
winding. 

Repulsion-Induction Single-Phase Motors, The repulsion-induc- 
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tion motor is a self-contained unit capable of starting heavy loads and 
maintaining reasonably constant speed under varying load conditions. 

The characteristics of the direct-current series-wound motor are 
well known. Operating through a wide range of speed and torque, 
this type has, however, no inherent speed regulation and its use is 
consequently confined either to fixed loads, like fans or pressure 
blowers, or to varying loads where the motor-controlling device is 
constantly under the operator’s guidance. The speed, torque, and 
load characteristics of the series-commutator-type alternating-cur- 



Fifc. 18. Kotor for A Up., 1 .HOO U.p.m. Repulsion-Induction Motor 


rent motor being distinctly analogous to that of its direct-current 
prototype, the design fails to meet the requirements of constant-speed 
power service, this service demanding a motor which maintains good 
regulation after having once been brought up to speed, with torque 
values increasing as speed decreases; in other words, characteristics 
approaching those of the direct-current compound motor having the 
usual proportion of series-field winding. 

The repulsion-induction motor, however, gives this combination 
of scries and shunt characteristic's; that is, a limited speed and an 
increased torque with decrease in speed. In the straight repulsion 
motor, to secure the necessary starting torque, a direct-current arma¬ 
ture is placed in a magnetic' field excited by an alternating current 
and short-circuited 11 trough brushes set with a predetermined angular 
relation to the stator. To further improve the operating charac¬ 
teristics of the plain repulsion motor, a second set of brushes (i.e., the 
compensating brushes) is placed at 90 electrical degrees from the 
main short-circuiting brushes (i.e., the energy brushes). The com¬ 
pensating field is auxiliary to the main field and impresses upon the 
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armature an electromotive force in angular and time phase with the 
electromotive force generated by the main field. In addition to 
correcting phase relation between the current and the voltage, thus 
giving approximately unity power factor at full load and power 
factors closely approaching unity over a wide range of load, the 
compensating field serves to restrict the maximum no-load speed and 
also permits, where varying speed service is involved, slight increase 




Fig. 19. Repulsion-Induction Motor 0 lip.) with Sliding Rawe 


over synchronous values. The compensated repulsion motor is prac¬ 
tically an induction motor capable of operation either above or below 
synchronous speed, possessing high starting torque and high power 
factor at all loads as well as excellent efficiency constants. The motor 
has no tendency to spark or flash over, since the armature coils, 
successively short-circuited by the energy brushes, are not inductively 
placed in the magnetic field and consequently have only to com¬ 
mutate a low generated voltage. See Figs. IS and Hh 

Repulsion-induction motors may be started by throwing directly 
ac ross the line. Starting rheostats are available for use where it is 
desired to reduce starting current to minimum. 

These motors are sold in several types: constant-speed; constant- 
speed reversible; brush-shifting, adjustable varying speed (with series 
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characteristics), and adjustable varying speed, reversible. The adjust¬ 
able varying speed types are applicable to the same type of loads as 
series direct-current motors. They provide 3:1 range of speed adjust¬ 
ment by the simple expedient of shifting brushes. 

Capacitor Type Single-Phase Motors. The capacitor motor, 
employing a capacitor (static condenser) in the auxiliary winding 



circuit, is a recent development which is proving to be very popular. 
The principle of operation is identical to that of the split-phase motor, 
except that capacitance and inherent resistance instead of reactance 
and resistance are combined to produce the out-of-phase component 
of current with consequent starting torque. 

The stator is wound with a main winding and an auxiliary wind¬ 
ing spaced IK) electrical degrees out of phase. The rotor is of the 
squirrel-cage type, with the bars and end connections usually of 
aluminum, cast integrally. 

Capacitor motors are of two types: low-torque, for fan duty, and 
high-torque for general-purpose applications. Fig. 20 shows the 
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connections of a low-torque motor with the capacitor permanently in 
the circuit—hence the term, capacitor start and run. In some motors 
the capacitor is in circuit only during starting. Such motors are 



Fig 22. Small Capacitor Start Induction Motor with 
Motor-Mounted Capacitor ami HcMhent Huae 

termed capacitor-start induction-run. In all sizes, the capacitor is 
mounted externally—on top of the motor in sizes up to approximately 
} 2 horsepower, and separately, on wall or floor, in sizes up to 10. 


$ 

PUSH 

BUTTON 

STATION 


Fig. 23. High-Torque Capacitor Motor (5 Up.) with Separately Mounted 
Capacitor I’nit and Control 

Iligh-torque capacitor motors employ two condensers, one con¬ 
tinuously rated for running, and the other intermittently rated for 
starting. A relay, mounted in the capacitor box, disconnects the 
starting condenser automatically when the motor has accelerated. 
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Fig. 21 shows connection of the high-torque type, and illustrates the 
need of a three-pole switch. Capacitor motors possess all the desirable 
characteristics of high power factor, high efficiency, permissible start¬ 
ing current for across-the-line starting, and quiet operation because 
of absence of centrifugal devices and commutator. 

Figs. 22 and 23 illustrate two types of capacitor motors. 

High- and low-torque fan motors may be furnished with adjust¬ 
able varying speed control, allowing speed reduction of approximately 
3o per cent. Such control is not applicable to high-torque, general- 
purpose motors, but the recent development of two-winding, multi- 
speed capacitor motors opens up that field to this type of motor. 

POLYPHASE INDUCTION MOTORS 

All types of polyphase motors described here are available for 
two-phase as well as three-phase circuits, with the exception of the 
two-speed, reconneeted-winding type. 

SQUIRREL-CAGE TYPES 

The squirrel-cage induction motor is the simplest type of motor 
available and greatly outnumbers all other types in use. Fig. 24 is 
typical. 

Constant-Speed Squirrel-Cage Motors. The constant-speed 
motor with single stator winding can be altered as to operating char¬ 
acteristics by changing the design of the rotor. In tins manner, torque 
and starting current characteristics arc produced to meet various 
operating conditions imposed by different loads and power company 
limitations. These characteristics arc summarized as follows: 

A. Normal torque, normal starting current—for general application, and 
generally requiring minced-voltage starting equipment above 5 horsepower. 
Has low slip for close s|hhh! regulation. 

B. Normal torque, low starting current— for general application; designed to 
meet most power company requirements jus to starting current for motors up to 
and including 30 horsepower, to t>e thrown across the line. Has low slip for close 
s|MM*d regulation. 

C. High torque, low starting current—designed to accelerate heavy starting 
loads at infrequent intervals. High-resistance rotor required to produce torque 
characteristic also produces the desirable low starting current. Has low slip 
for close sjmxxI regulat ion. 

D. High torque, high slip-designed to accelerate heavy loads without shock. 
This type of motor is esfieeially desirable for use with flywheels, l>ecause it£ 
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high-slip characteristic allows variation in speed without objectionable current 
pulsations to line and without undue heating of motor, if load peaks occur less 
than 25 times per minute. 

All of the above types of motors have relatively high efficiency 
and power factor, although the high-slip motor sacrifices some effi¬ 
ciency. Table II, following, indicates average values for motors 
of the types described above, in ratings 7J-£ to 20 horsepower, 1,800 
r.p.m., 60 cycles: 


TABLE II 

Efficiency and Power Factor for Squirrel-Cage Induction Motors 


Typo of | 
Motor 

Starting 
Ton jut' 

| 

Maximum ’ 
Tor; jut* 

For ('out | 
Slip 

Starting Current 
AcitJMr’tlt'-I.IIH'* 

rtfinency* 

Power 
: Factor* 

A ! 

i no 

2. r >0 1 

3 

050 

H5 

so 

H 

190 i 

220 

3 i 

500 

1 SO 

; HO 

r 

240 

240 

3 5 

500 

St 

| H4 

i> 

275 

2 HO 

9 

550 


I KH 

•Per cent of full load. 


Values of starting and maximum torque are in percentage of full¬ 
load synchronous torque (T), derived from the following formulas: 

lip. X 5250 

T = ■ (2) 

r.p.m. 


where 7 , = torcjue in pounds at. one-foot radius 
hp. = horsepower rating of motor 
r.p.m. = synchronous speed in revolutions per minute 


Slip in per cent (at full load) 

St/n. spied — full-loud speed 

Sr/ rich roti ous spe< < f 

(3) 

b ull-loud current = 

11orsepoircr X 7/,(! 

_(4) 


Line voltage X v -> X FJfieiencij X Power Factor 


Efficiency and power factor at full load, expressed as decimals. 

Multispeed Squirrel-Cage Motors. Multispeed motors are a 
modification of constant-speed, single-winding motors, with squirrel- 
cage rotors, and are of the following types: 

1. Reconnectible-winding, two-speed motors, in which a single stator winding 
* is reconnected in two different polar groupings, one connection always having 
one-half the number of poles of its complement. For instance, 4/8 poles to give 
1,800/000 r.p.m., 0/12 poles to give 1,200/000 r.p.m., or 8/10 poles to give 
900/450 r.p.m.—all at 60 cycles. Reconnectible-winding motors are available 
with two speeds for variable-torque, constant-torque, and constant-horsepower 
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applications. This type of motor is not. available for operation on two-phase 
systems because of the difficulty of regrouping the coils of a two-phase winding 
to obtain different polar connections. 

2. Two-winding, two-speed motors are built with two separate stator wind¬ 
ings in the same slots and are, therefore, essentially two separate motors in the 
same frame, using the same squirrel-cage rotor. This type is adaptable to two- 
phase as well as three-phase circuits and Is available for variable-torque, constant- 
torque, and constant-horsepower applications. The two speeds need not be 
limited to ratios of two to one, as for reconnectible motors, but are necessarily 


PAPER PULLEY 



Fig. 24. I #ovv—Volt jilt <* NjuirroMInduction Motor with 

Shdim; i20 lip.. 1,‘J00 |{ p.m.» 


limited in range for roustant-torv|ue and constant-horsepower tyjtes because of 
limitation of output in each frame size. Variable-torque designs allow wide selec¬ 
tion of sjHH'ds in the range 1,800 /1,200 900 720/0(XV450 r.p.m. with 1,800, 
1,200, 900, and 720 r.p.m. being the top speeds for any combination of speeds. 

3. Three- and four-speed two-winding motors. A further combination of two 
separate windings, each of which is reconnect ible in polar groupings, allows the 
derivation of throe or four speeds from one motor. This type Is limited to three- 
phase circuits for t he reason given in paragraph 1 alx>ve. For example, one 
winding reconnectible from 4 to S jxdos, and author from f> to 12 poles gives a 
motor mt<*d 4/9/8/12 |x>les nr l,N(M)/l,2(X)/900/t>00 r.p.m. at f>0 cycle's. Another 
combination available is G/S'12 1G poles giving 1,200/900/000/450 r.p.m., also 
at 90 cycle's. A coinhination such as 1,200/900/720/000 r.p.m. would require a 
special three-winding motor. Three- and four-speed motors are also available 
with variable-torque, constant-torque, or constant-horsepower characteristics. 

Multispeed motors were developed for applications requiring 
operation at one or more definite speeds below top speed, at relatively 
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high effic iency and at comparatively low first cost. They meet these 
requirements wherever adjustable-varying speed with a larger number 
of control points is not required. 

Multispeed motors are designed with several starting-current 
and torque characteristics. Controlling devices for these motors are 
necessarily more costly than for single-speed motors, but are relatively 
simple. 
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Iig 25 Open pt* Wound Rotor IniiuOwm Motor (40 Up , *MK) U p m ) 


WOUND-ROTOR TYPL 

In the wound-rotor t\pe o i induction motor, the stator (or 
primary) is wound e\a< tly th in the squirri1-cage type, hut tin* rotor 
(or secondary ) is polar-wound, w ith the ends ot the V-connected rotor 
windings brought out to three collector rings mounted upon and insu¬ 
lated from the shaft. Thus, this t\ pe is frequently called a “slij>-ring M 
motor. See Fig. 2d. Rriishe^ mounted in stationary brush holders 
complete the < ircuit to an externally mounted Y-connected secondary 
resistance. 

The wound rotor, with external connections to slip-rings, allows 
the use of several layouts of external resistance to produce the desired 
torque during starting, or at reduced speed on speed-regulating 
ixunts. This tvj>e of motor is applicable on loads requiring heavy 
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accelerating effort, and in locations where the starting current must 
be kept at a low value. The slip-ring motor offers the highest possible 
starting torque per ampere, full-load current producing approximately 
full-load torque at starting. 

Control for simple starting duty is furnished with interinittent- 
rated starting duty resistor of such resistance value that approxi¬ 
mately 250 per cent starting torque is produced with only MOO per cent 
starting current. Both values may be reduced, where required, by 
changing the resistance. 

Slip-ring motor control for adjustable varying speed is designed 
with a continuous-duty resistor which allows the motor to be run 
continuously on any of its reduced speed points with a part of its 
resistor in series with the rotor windings. The secondary resistance 
layout, adjustable for varying speed control, must be differently 
designed for different types of load, such as variable torque—fan 
duty, and constant torque-—machine duty. Therefore, these details 
must be furnished to the manufacturer. 

Accurate speed control cannot be obtained below 50 per cent 
speed reduction, that is, two-to-one speed range, because of the pro¬ 
portions of secondary and external resistance values. Beyond that 
range, the speed change due to slight change of load torque becomes 
< I is| proportionate. 

Although the slip-ring motor with proper accessories allows vary¬ 
ing speed control at relatively low first cost, its operation at reduced 
speeds is at the expense of efficiency. The electrical energy dissipated 
in the external secondary resistance must be added to the normal 
motor losses in determining overall efficiency. Operation at 50 per 
cent speed on a constant-torque load will be* at approximately 50 per 
cent overall efficiency. For this reason, it is desirable to select, if 
possible, definite* speeds at which the drive may operate, and use a 
suitable multis{>eed motor. If adjustable varying speed over a wide 
range is required, and if the* motor must operate at reduced speeds a 
large part of the time, the brush-shifting motor may be the most 
economical, even at a higher first cost. 

Brush-shifting Adjustable-Speed Motors. The brush-shifting 
adjustable-speed motor is a self-contained, reliable driving unit for 
operation on polyphase alternating-current circuits. These motors 
art* built in sizes from 2 to 50 horsepower for three-to-one and four-to- 
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one speed range for constant-torque applications, and have shunt 
characteristics under these conditions. Motor speed is controlled by 
shifting the brushes, thus providing an infinite number of speed points 
within the speed range. Fig. 20 shows the connections of this type of 
motor. 

The stator has one winding (the secondary), which is oonstruet<xl 
like the stator (primary) winding of an induction motor, except that 
phases are electrically independent and both ends of each phase* are 


s 



brought, out for connection to the commutator brushes. The rotor is 
provided with two windings placed in the same slots. The inner wind¬ 
ing (primary) is identical in construction with the stator (primary) 
winding of a normal induction motor and is connected to the collector 
rings, to which the power is applied. The outer, or adjusting, winding 
is connected to the commutator in the same manner as in a direct- 
current motor. 

Thus, the brush-shifting motor may be compared with the 
wound-rotor induction motor, having its primary winding in the 
rotor and its secondary on the stator. In addition, this machine has 
an adjusting winding in the rotor similar to a direct-current armature 
winding and connected to a commutator. The motor is provided 
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with two brush-holder yokes arranged to shift in such a way as to 
vary the voltage on the secondary winding. 

One end of each phase of the stator (secondary) winding is con¬ 
nected to brushes on one brush yoke and the opposite end of each 
phase is connected to brushes on the other yoke. When the brushes, 
to which each end of a secondary phase is connected, are on corre¬ 
sponding commutator segments, the adjusting winding is, in effect, 
idle, the secondary winding is short-circuited, and the motor runs as 
an induction motor, with speed corresponding to the number of poles 
and frequency of supply. As the brushes are moved apart, a section 
of the adjusting winding is included in series with the secondary wind¬ 
ing, causing the secondary winding to generate a voltage impressed 
upon it by the adjusting winding, thereby causing the motor to change 
its speed. Moving the brushes in one direction raises the speed, and 
moving them in the other direction reduces the speed. The motor 
operates both above and below the synchronous speed. 

The motor is started on full voltage with the brushes in the low- 
speed position, as standard procedure. In this position, starting 
current is 125 per cent to 175 per cent of the full-load current at 
maximum speed. In most ratings, motors develop 200 per cent start¬ 
ing torque with less than 175 per cent starting current; in the larger 
sizes, starting torque is approximately 100 per cent, with less than 
160 per cent starting current. 

Where operating conditions require, it is possible to start the 
motor with the brushes in any position. In such cases, proper sec¬ 
ondary resistance should be supplied to limit excessive current at 
starting. With such resistance, starting torque at the higher speed 
brush positions will be at least 250 per cent of normal full-load torque. 

In the low-speed brush position, maximum running torque varies 
from 200 per cent of normal full-load torque on the smallest size to 160 
per cent on the largest size. In the high-speed position, the maximum 
torque is at least 250 per cent of normal full-load torque on all sizes. 

The efficiency of brush-shifting motors remains nearly constant 
over the greater part of their speed range, but it is somewhat lower at 
low speed. The average efficiency is high as compared with that of 
wound-rotor induction motors with secondary resistance, or as com¬ 
pared with direct-current motors and the apparatus necessary to 
convert alternating current to direct current. 
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Power factor is high when the motor is running at high speed, 
and even at synchronous speed the power factor is approximately the 
*i$ame as that of an induction motor of similar rating. 

With full-load speed, approximately 1050/550 r.p.rn. for a three- 
to-one ratio motor, the no-load speeds will be as follow’s: with the 
brushes in the maximum-speed position, 5 to 11 per cent higher than 
the rated full-load speed; with the brushes in the minimum-speed 
position, 17 to 43 per cent higher than the rated minimum speed. 

These motors will operate continuously in either direction, pro¬ 
vided the brush mechanism is set for the desired rotation. They may 


FAN GUAM 


6RUSH SHIFTER 


COLLECTOR 

RING 

HOUSING 


oarn* a c.UNE 

BRUSH YOKE 
STATOR LEADS 





OVERLOAD 

"RELAY 


RESET 

leads to Starter 


Tig 27 Brush-Shift\dju£taMe-.Spf»*<i Motor 


be reversed by interchanging two line leads, as on an induction motor. 
Reverse operation should be allowed for short periods of time only, 
jto the motor characteristics are impaired unless the brush-shifting 
mechanism is reset according to the instructions furnished with 
each motor. 

Any creeping speed down to 50 per cent of the minimum rated 
speed may be obtained at rated torque for half-hour operation by 
means of secondary control. Overload or stalling protection is not 
provided when the motor is operated under these conditions. 

Brush-shifting motors should be connected to the source of 
power in the same manner as any three-phase induction motor—by 
connecting the motor to the three lines. A magnetic switch, operated 
by a push-button station in conjunction with a temperature overload 
relay, mounted on the stator frame and connected in the stator cir¬ 
cuit, provides low-voltage and overload protection at all operating 
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speeds. Slow-down or creeping speeds may be obtained by adding 
resistance in series with the secondary circuit and providing a switch 
for short-circuiting this resistance for normal operation. •< 

Changes in speed by brush shifting are obtained in one of the 
three following ways: 

1. Shifting the brushes by means of a handwheel or handle 
mounted on the motor. Fig. 27 shows a typical motor with motor- 
mounted handwheel. 

2. Shifting the brushes by means of a handwheel or handle on a 
remote brush-shifting mechanism, which is mounted at a location 
convenient to the operator and connected to the motor by a chain*: 
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Fig 28. Kotor for 75 ll|> I 200 R j> m SmicIuoiiouh Motor 
wch Dimh t-Conneotctl I'.xcit^r 


3. Shifting the brushes by means of a pilot motor and reduction- 
gear mechanism, which is mounted on the motor and controlled by 
push buttons located elsewhere. 

Miscellaneous Polyphase Motors and Variable-Speed Systems. 
For description of the Noel Capacitor motor and Fynn-Weiehsel vari-. 
ablc-si>eed motors, see Power-Factor Correction. 

Ileavv-dutv adjustable varying sp**cd drives are available in the 
Kr&mer ami Scherbius systems of speed control. Both employ a slip¬ 
ring motor as the main driving unit and use accessory equipment to 
derive changing excitation and power for range of speed required. 
Additional details concerning these systems may be obtained from 
manufacturers of electric equipment. 

SYNCHRONOUS MOTORS 

Synchronous motors, as the name implies, operate at synchronous 
speed—that is, with no slip. They are practically identical in con¬ 
struction with (synchronous) alternators or generators, having a 
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three-phase wound stator and a rotating field consisting of direct- 
current excited coils of alternately opposite polarity, connected in 
series to a direct-current excitation source at its slip rings. Modem 
practice is to use 125-volt direct-connected exciters for each motor 
unit, particularly at the higher sj>eeds. At low speeds, it is sometimes 
economical to supply excitation, either 125 or 250 volt, to one or more 
motors from a high-speed motor-driven exciter set. (Generally with 
additional stand-by set.) To provide uniform and sufficient starting 
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Fig. 29. Synchronous Motor ami Bane for Pulley Drive 
(50 Up*. 80 Per Cent Power Factor. 1,200 Jl.piTi.) 


torque for general use, synchronous motor rotors are built with 
starting windings imbedded into the faces of the field pole pieces and 
short-circuited at their ends by circular rings. These are similar to 
the squirrel-cage winding of an induction motor. See Fig. 28. 

Synchronous motors operate with minimum excitation at unity 
power factor—that is, when the line current drawn by the motor is 
exactly in phase with the voltage. Unity power-factor motors are 
widely used to raise the average power factor of a plant employing a 
large number of smaller induction-type motors operating at lagging 
power factor, that is, with line current lagging behind voltage by an 
angle whose cosine equals the power factor expressed as a decimal. 

When increased excitation is applied to the field of a synchronous 
motor, we have what is known as a leading power-factor motor cap¬ 
able of supplying leading reactive kva to a system to compensate for 
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lagging reactive kva drawn by induction machines. Such motors are 
generally rated in horsepower at .80 leading power factor. The 
power factor corrective feature of synchronous motors will be dis¬ 
cussed in more detail under Power-Factor Correction. 

Unity power factor and .80 power factor general-purpose syn¬ 
chronous motors are a\ ailahle in all ratings from 20 horsepower up. 
Designed w ith starting torque and pull-in torque of approximately 
110 per cent of rated full-load torque, they can be applied to all 
normal duties except those* requiring heavy starting torque and 
extremely high maximum or pull-out torque. See Figs. 29 and 30. 
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Synchronous motors are best suited for loads requiring a nearly 
constant torque—that is. one without instantaneous pulsations. On 
a load producing pulsations in shaft torque, a synchronous motor will 
draw high current from the line at each pulsation because, being a 
synchronous machine, it will tend to pull out of step. Wherever 
synchronous motors are used to drive reciprocating compressors and 
similar machines, flywheel effect to absorb the pulsations must be 
provided in the rotor of either or both the motor and the compressor. 

In general, since the major utility of synchronous motors is 
derived from their unity power-factor operation or their ability to 
supply leading reactive kva, their relatively higher cost (as compared 
with induction motors) cannot be justified except on practically con¬ 
tinuously operated machines. Obviously, no power-factor correction 
c?r» coine from such a machine when it is not operating. 
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Synchronous motors can be started by throwing directly across 
the line, and, when so started, the current drawn by a high-speed 
motor is approximately that of a normal-torque, normal-starting- 
current motor—that is, 600 per cent. When started by reduced- 
voltage starting equipment, the starting current corresponding to 
full-load torque is from 350 to 400 per cent of full-load current. Low- 
speed motors seldom require reduced-voltage starting equipment 
because their average full-voltage starting current is only 300 per 
cent of full-load current. 

Starting equipment for synchronous motors is available in semi- 
'nagnetic* and full-magnetic forms, both for full-voltage and reduced- 
voltage starting. In all forms, the field is applied automatically. 
This feature eliminates much of the necessity for care previously 
required in the operation of synchronous motors. 

ERECTING AND LINING UP ALTERNATING-CURRENT 
GENERATORS 

The erecting and lining up of alternating-current generators and 
motors involve the same principles and procedures as for direct- 
current machines. The same general details regarding making of 
electrical connections of direct-current machines also apply for alter¬ 
nating-current machines. 

Wiring Connections. Wiring connections for an alternating-cur¬ 
rent generator consist, essentially, of leads between generator stator 
'terminals and line side of generator switch, and leads from load side 
of generator switch to bus. The excitation circuit is connected from 
source through field switch to generator field and includes a rheostat 
in series with the field circuit. See Fig. 31. 

If the excitation source is a direct-connected exciter, the field 
rheostat may operate only on the exciter shunt field; or, on larger 
machines, there will be both an exciter field and a generator field 
rheostat operated by a concentric type switchboard mechanism. 
There will also be accessory voltmeters, frequency meter, ammeters, 
etc., depending on the refinements required in the controlling switch¬ 
board. For small generators under 100 kva and not to be operated in 
parallel with other units, the field switch is often omitted since there 
will be no occasion to “kill” the field. 
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Practically all generators, whether for single or for parallel 
operation, require generator-voltage regulators. These regulators 
act upon the exciter field to maintain constant generator terminal 
voltage. The voltage regulation of a standard alternating-current 
generator is approximately 30 per cent—that is, the voltage at con¬ 
stant excitation will drop 30 per cent from no load to full load. It is 
impractical to adjust the excitation manually for varying load. 



Parallel Operation. Generators which are to be operated in 
parallel demand voltage regulators. To assure the maintenance of 
system stability, the combination of generator-voltage regulator and 
exciter characteristic should be as nearly identical as possible. Furth¬ 
ermore, the speed regulation characteristic of speed governing devices 
on prime movers must be carefully paralleled. 

To run two alternators in parallel, several conditions have to be 
fulfilled: The incoming machine—as in the case of direct-current 
machines—must be brought up to nearly the same voltage as the 
first one; it must operate at exactly the same frequency; and, at the 
moment of switching in parallel, it must be in phase with the first 
machine. This correspondence of frequency and phase is called 
“synchronism.” 

Synchronizing Alternators by Lamp Indicaior. It is impossible 
with mechanical sj>eed-measuring instruments to determine the 
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speed as accurately as is necessary for this purpose. There is, how¬ 
ever, a very simple method of electrically determining small differ¬ 
ences in speed or frequency. In Fig. 32. let M and N represent two 
single-phase alternators, which can he connected by means of the 
single-pole switch A — B. Across the terminals of the switch is con¬ 
nected an incandescent lamp L, capable of standing twice the voltage 
of either machine. When A—B is open, the circuit between the machines 
is completed through L. The two machines may be connected in 
parallel as follows: Assume machine M already in operation; bring 
up machine N to approximately the proper speed and voltage; then 
* watch lamp L. If machine .Y is running a v ery little slower or faster 



Fig. MU. Diagram of Two Sjnglv-I’haM* 
Alternutorjs Arranged in Catallel 


than machine M, the lamp L will glow for one moment and be dark 
the next. At the instant when the voltages are equal in pressure and 
phase, L will remain dark; but when the phases are displaced by half 
a period, the lamp will glow at its maximum brilliancy. Since the 
flickering of the lamp is dependent upon the difference in frequency, 
the machines should not be thrown in parallel while this flickering 
exists. The prime mover of the incoming machine must be brought 
to the proper speed; and the nearer machine N approaches synchron¬ 
ism, the slower the flickering. When it is very slow , and at the instant 
when the lamp is dark, throw the machine in parallel by closing the 
switch across A — B . The machines are then in phase, and tend to 
remain so, since if one slow\s down, the other will drive it as a motor. 
It is better to close the switch when the machines are approaching 
synchronism rather than when they are receding from it; that is, at 
the instant the lamp becomes dark. 

Fig. 33 shows the method of synchronizing high-voltage alter¬ 
nators through step-down transformers. The first machine to be 
started becomes “bus 5 and succeeding machines are paralleled, 
“machine to bus.” When two three-phase alternators are first placed 
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in operation, synchronizing connections should be made across each 
phase. If all the lamps become bright or dark simultaneously, the 
alternators are ready for parallel operation. After all phases have T 
once been tested, it is only necessary to compare a corresponding 
phase from each machine to indicate synchronism. 

The connections, as shown in Fig. 33, indicate synchronism when 
the lamps are dark. If it is desired that a condition of synchronism 



Fig. 33. Diagram of Connections for Synchronising High-Voltage 
Alternators through Step-Down Transformers 


shall be indicated when the lights are at maximum brightness, reverse 
the secondary connection of either one of the potential transformers. 

Synchronizing Alternators by Means of a Synchroscope . The syn¬ 
chroscope affords the quickest and safest means for paralleling 
machines, since it shows when the machines are in step and in phase, 
indicating by the position of the needle the difference in the phase 
relations between the machines, and telling whether the incoming 
machine is running too fast or too slow. It is superior to synchronizing 
with lamps, because the latter give no indication of the relative speed 
of the incoming machine. The lamps will indicate when the machines 
are of the same frequency, but the phase relations can be judged only 
by the brilliancy of the light. 

When synchronizing w’ith lamps dark, the phase relations of the 
machines will be shown by the brilliancy of the light to a point where 
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the machines are approximately 45 degrees out of phase, below which 
point there will not be sufficient voltage across the lamp to make it 
glow. Again, in case there is an inopportune failure of the lamp, the 
operator might be misled and throw the machines together when out 
of phase, with possible disastrous results. 

When synchronizing with lamps bright, it is difficult to deter¬ 
mine, after watching the lamps for some time, at just what instant 



Fig. 34. Synchronizing by U»e of PIurh urui Synchroscope 

they are burning at full brilliancy, and therefore, at just what instant 
the machines are in synchronism. 

Fig. 34 shows a method of connecting a synchroscope to two 
machines (one running and one starting) by means of plugs and 
receptacles mounted on the switchboard. Either machine may be the 
“Starting” or “Running” unit. To insure safe operation, only one of 
each of the plugs marked “Starting” and “Running” should be avail¬ 
able at any switchboard. Hi and Xi are polarity markings on the 
potential transformers. 

Fig. 35 shows connections for using a synchroscope and syn¬ 
chronizing switches to accomplish the same method of synchronizing, 
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as shown in Fig. 34, with the added safeguard of oil circuit breaker 
interlocks, a feature which allows the closing of only the breaker of 
the machine being synchronized. As in the plug method, one each of 
“I” and “R” removable handles are furnished for each switchboard. 

When two alternating-current generators have been connected in 
parallel, the division of load should be adjusted. This cannot be 


RES/STOR AND 
REACTOR BOX 




Fig. 35 Synchronizing with Synchroscope and Synchronizing Switches. 
Ketnovnhke Handle / Effects Contact Arrangement ’‘Incoming”; 
Removable Handle H Produces “Running” 


accomplished as in direct-current machines by adjustment of the field 
rheostat. Change in field strength will cause more current to flow, 
but it will be 90 degrees out of phase with the voltage and will not 
represent actual power. The only way to make the two machines 
supply proportional amounts of power is to adjust the speed of their 
respective prime movers. The governors of engines driving alter¬ 
nators, operating in parallel, should be provided with a means where¬ 
by the speed can be adjusted within a small range without throttling 
and while running. Without this refinement, trouble will be encoun¬ 
tered when trying to synchronize and adjust for proper division of 
load. If it is desired to make the machine carry more load, its prime 


78 



OPERATING GENERATORS AND MOTORS 41 

mover must be adjusted for an increase in speed, and conversely to 
make the machine carry less load. 

If it is found necessary to increase the voltage of machines oper¬ 
ating in parallel, the rheostats of all machines should be adjusted 
proportionally. If the rheostat of only one machine is shifted, cross 
currents will be caused to flow between the paralleled machines. 
These cross currents do not represent actual power but do cause 
undesirable heating of the machines. 

OPERATION 

Directions for Running Generators and Motors. Preliminary 
Run with No Load. If possible, a new machine should be run with 
no load or with a light one for several hours. It is bad practice to 
start a new machine with its full load or even a large fraction of it. 
This is true even if the machine has been fully tested by its manu¬ 
facturer and is apparently in perfect condition, because there may be 
some fault produced in setting it up, or some other circumstance that 
would cause trouble. 

All machinery requires some adjustment and care for a certain 
time to get it into smooth working order. 

Voltage and Current Regulation. A generator requires that its 
voltage or current should be observed and regulated if it varies. The 
attendant should always be ready and sure to detect and overcome 
any trouble, such as sparking, heating, noise, abnormally high or low 
speed, etc., before any injury is caused. Such directions should be 
thoroughly committed to memory in order promptly to detect and 
remedy any trouble when it occurs suddenly, as is usually the case. 
If possible, the machine should be shut down instantly when any 
indication of trouble appears, in order to avoid injury and to give 
time for examination. 

Keep Tools A way from Machines. Keep all tools or pieces of iron 
or steel away from the machine while running. Otherwise, they might 
be drawn in by the magnetism, perhaps getting between the armar 
ture and pole pieces, thus ruining the machine. 

Commutator and Brushes . Particular care should be given to the 
commutator and brushes, so that the former is kept perfectly smooth 
and the latter are in proper adjustment. Avoid lifting brushes when 
machine is operating, unless there are several brushes in parallel. 
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Bearings . Touch the bearings occasionally to see whether or not 
they are hot. Thermometers embedded in putty will assist in detect¬ 
ing undue temperature rise. 

Overloading. Special care should be observed by anyone who 
runs a generator or motor, to avoid overloading it, because this is the 
cause of most of the troubles which occur. 

Personal Safety. The matter of personal safety is of great 
importance in the installation, care, and management of dynamo- 
electric machinery, both from the humanitarian and from the finan¬ 
cial standpoint. 

Precautions in Handling the Circuit. The safest rule is never to 
touch any conductor carrying current, and never to allow the body to 
form part of an electric circuit, no matter what the voltage. This, of 
course, is a rule which cannot be followed strictly in practice. How¬ 
ever, every precaution should be taken to prevent accidents, and 
every device which adds to the personal safety of the men should be 
employed. Rubber gloves, rubber shoes, or both, should be used in 
handling circuits of 500 volts or over. Also these articles should be 
tested frequently. Tools with insulated handles, or a dry stick of 
wood, should be used instead of the hand for handling the wires. It 
should always be remembered that a wire may be “alive” through 
some unknown change in connection or through accidental contact 
with another wire, even when it is thought to be “dead.” 

High Voltages. On the high alternating-current voltages now so 
common, even the above precautions are not sufficient. No work can 
ever be done on such circuits unless they are entirely disconnected 
from all sources of power. In addition, the wires should be thor¬ 
oughly grounded before being touched. In grounding, the ground 
connection should be first made and last disconnected. 

Stopping Generators. Operating Alone . A generator operating 
alone on a circuit can be slowed down and stopped without touching 
the switches, brushes, etc., in which case the current gradually 
decreases to zero. Then the connections can be opened without 
sparking or any other difficulty. 

Operating in Parallel. However, w r hen a generator is operating in 
parallel with other sources of powder, it must not be stopped until it 
is entirely disconnected from the system. Furthermore, the current 
generated by it should be reduced nearly to zero before its switch is 
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opened. For alternating-current generators, the load is reduced by 
adjusting the engine governor to reduce the input. The setting of 
*a field rheostat should not be changed. 

Never, except in an emergency, should any circuit be opened 
when heavily loaded; the flash at the contact points, the discharge of 
magnetism, and the mechanical shock are all decidedly objectionable 
and destructive. 

Stopping Motors. Any alternating-current motor, whether oper¬ 
ating singly or with several others on a feeder, may be stopped by 
siinplv throwing its manual starter to the “off” position, or by press¬ 
ing the control “stop” button, if the control is of the magnetic type. 
No precaution is required before restarting except to l>e sure that 
all resistance is reinserted in the secondary of slip-ring motors, and 
that, in synchronous motors, the field switch is open. 

POWER-FACTOR CORRECTION 

Low power factor and its consequent evils apply only to alter¬ 
nating-current systems. Power factor may be simply defined as the 
cosine of the angle by which the current vector leads or lags behind 
the voltage vector of a given circuit. Although it seldom, if ever, 
exists, an excessive leading power factor would be as troublesome as 
a lagging power factor. 

Induction motors, induction furnaces, series lighting transform¬ 
ers, and other inductive devices draw a magnetizing component of 
current which lags behind the line voltage and lowers the power factor 
iof the system. The magnetizing current of an induction motor is near¬ 
ly constant at all loads with constant voltage. This current lags 
90 electrical degrees behind the impressed voltage and does no use¬ 
ful work. 

Figs. 36 and 37 show the comparison of magnetizing current, 
power current, and resultant power factor on a fully loaded and 
lightly loaded motor. The magnetizing current, OX, being prac¬ 
tically constant and the power current, OP, decreasing from full load 
to light load, the angle 6 increases and the power factor decreases. 
OL, in both cases, represents the current drawn from the line. This 
illustrates the reason for lower power factor of induction motors at 
light loads and the necessity of applying motors at near rated 
capacity. 
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The effect of low system power factor is far-reaching, in that it 
increases the size of cables, switches, transformers, and even gener¬ 
ators required to deliver a given amount of useful power current. It 
further affects the system stability by increasing the regulation— 
that is, impairing the stability of operation, of lines, transformers, and 
generators. Low power factor imposes an added current load upon ail 
parts of a system with the result that power companies in some locali¬ 
ties have rate schedules incorporating a power factor clause wdiich 
adjusts the rate according to power factor. Other rate schedules 
allow' a bonus if power factor is, for example, above 90 per cent; others 



Fig llfl. Vector Dmgram of a Squirrel-Cage Fig. 37 Vector Diagram of a Squirrel-Cage 

Induction Motor Fully Loaded induction Motor Lightly Loaded 


involve a penalty if below 80 per cent; still others specify a flat 
minimum allowable power factor. 

Specific examples will best illustrate the effect of power factor 
upon line currents. For instance, let us consider a 50-hp., 1,800- 
r.p.m., 220-v, 00-cycle induction motor w hich has a full-load efficiency 
and power factor of .90 and .91 respectively. At full load, its line 
f>0X740 

current will be “ 120 amperes. A similarly rated 

220 X \/.i X .90 X .91 

unity (1.00) power factor synchronous motor with full-load efficiency 

, f . 50X740 

of 91.4 per cent would draw a line current equal to “ 


220 X v 3 X .914 


, or 


107 amperes exclusive of exciter and rheostat hisses. 

This comparison, although using a fully loaded, high-efficiency, 
and relatively high power factor induction motor, illustrates a line 
current requirement 12 per cent higher for the induction motor than 
for the synchronous motor. Further, let us assume a 440-v, three- 
phase power circuit carrying a load of 500 kw at .80 power factor. 
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, ... . 500.000 

The resultant line current is —~ = 82() amperes. 


If the 


power factor could be raised to unity (1.00) through the use of syn¬ 
chronous motors or other corrective equipment, the same line could 
carry 820 X 440X\/3==625 kw—an increase of 25 per cent in power 


with the same line current. Conversely, if the power factor should 
remain at .80 as originally, the system would require 25 per cent more 
copper, transformers, and generating capacity to produce the same 
output (625 kw) as could be secured by installing power factor correc¬ 
tion equipment. 

A more severe condition of original system power factor and its 
improvement to .95 power factor is illustrated by the following chart, 



ORIGINAL CONDITION 
POWER-FAC TOR 60 % 


IMPROVED CONDITION 
POWER FACTOR 95 % 


Fin .'<8. (‘hurt Showing 1te*ult of Aihling Factor 

('orreclum Apparatus 


Fig. 38, which indicates reduced current demand from the power 
lines for a given amount of kw load at higher power factor. 

Methods of Correcting Power Factor. Referring to Fig. 36 it is 
evident that if it is possible to counteract the lagging component of 
reactive current (magnetizing current) by introduction of a leading 
component of reactive current, the resultant angle o between power 
current and line current will be diminished and cosine o or power 
factor will be increased. 

Fig. 39 illustrates the effect of adding leading reactive current to 
the system. A number of methods are available to accomplish this 
desired result, as follows: 

1. Substitution of synchronous motors for existing induction 
motors. 
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2. Use of synchronous motors for additional load requirements. 

3. Installation of synchronous condenser. 

4. Use of power factor corrective motors, such as Noel capacitor 
motors and Fynn-Weiehsel motors. 

5. Installation of capacitors (static condensers). 

Under Methods One (/) and Two (<?), the use of unity power-factor 
synchronous motors would increase the average power factor of the 



Fig I>mgi:»m Showing How n Lending Reactive Current 


system load without adding corrective leading kva. However, if 
leading power-factor motors are used, they will deliver to the system 


leading reactive kva equal to 


74i\ X hp. rating __ 


- P-F\ in which 


Efficiency X P-F 
power factor is expressed as a decimal. 

Method Three (3). A synchronous condenser is simply a syn¬ 
chronous motor running on the line without shaft load and supplying 
leading current to the line. By varying the excitation the amount of 
leading kva can be changed at will. This system of correction is not 
used on low-voltage distribution systems ordinarily. It is more 
economical to use a synchronous motor partly loaded and excited to 
run at ,70 to .80 leading power factor, enabling both a power load 
and wattless leading kva to be derived from the same unit. 

Method Four (.£). The Noel capacitor motor is a standard, squir¬ 
rel-cage induction motor except that in the bottom of the stator slots 
there is placed a separate three-phase winding which is connected to a 
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three-phase capacitor. This capacitor winding is so designed that 
with 220 or 440 volts applied to the main winding, 600 volts is im¬ 
pressed upon the capacitor by transformer action with the capacitor 
winding. Therefore, this motor operates at near unity power factor. 

The Fynn-Weichsel motor is a form of synchronous induction 
motor. The rotor is wound with two windings—one, the power wind¬ 
ing, fed through slip rings, and the other, an exciting winding which 
delivers power to a commutator. The stator is also furnished with 
two windings—one functions similarly to a regular slip-ring motor 
secondary winding; the other receives the commutated current from 



Fi«. 40. ('ontipriion Diucram of Fnrlos«*il f'ajmritor Unit 
nt Motor Terminals 


the commutator and excites the motor in much the same manner as 
* the poles of a synchronous motor. This motor starts similarly to 
a slip-ring induction motor, but assumes synchronous characteristics 
at full speed. This type of motor should be applied on a load which 
remains as nearly constant as possible and at near rated capacity 
since it is designed to give maximum power factor correction to rated 
load. 

Method Five (5). Capacitors are adaptable for installation 
wherever it is desired to raise the power factor, at the individual 
motors (Fig. 40), at distribution points feeding a group of motors 
with relatively short feeders (Fig. 41), or at the main switchboard to 
improve the combined power factor of the entire distribution system 
(Hg. 41). They are available in small individually mounted units, or 
in larger rack-type equipments for operation on circuits from 230 
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volts to 6,900 volts, and in enclosures suitable for mounting indoors 
and out of doors. See Figs. 42, 43, and 44. 

Capacitor Calculations. Lot us assume that it is desired to 
calculate the size of capacitor necessary to improve the power factor 



Fin 41 ('onmn'tion Diunrum of Capacitor Installed in Power Circuit 


of a 10-hp. 900-r.p.m. induction motor to unity. The full-load effi¬ 
ciency and power factor of this motor art 1 N4.fi per cent and 79. d per 

lip. X .74fi 10X.74fi 

cent respectively. The kw input to the motor is -= —“ 7 ~ 

Kftieiency .N4fi 

kw input 8.82 

= 8.82 kw. The kvu input to the motor is it — ~z:~ — * 1 . 1 o 

power factor .<9o 

kva. By the use of trigonometry, we can determine the value of 
reactive luring kva, .r, as follows: 



Therefore 6.8 kva of leading reactive kva must he supplied by a 
capacitor to neutralize the lagging component and produce unity 
power factor. 

The size of capacitor required to raise the power factor of a 
gi\en load to a higher value can be found easily, as in the follow¬ 
ing example: 
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Fig 41 Three-Phase, 
60-< YHe Irnioor R<**k- 
Tv|k» ('afuieifor Fnit. 
(i20-Kva. 460-Volt) 



Fig. 44. Three-Phase. OfFf’yelc Outdoor 
Cai«*fi*«»r l'nil. Sail* Removed 
(flO-Kva. 460-Volt) 
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Assume it is desired to raise the power factor of a 300-kw load from 60 per 
cent to 90 per cent. 

300 

A 300-kw load at 60 per cent power factor has an apparent load of — 

.6 

or 600 kva, and has a lagging component of V5fo9*~300*, or 400 kva. 

, , , 300 

A 300-kw load at 90 per cent power factor has an apparent load of — 


or 333 kva, and has a lagging component of V333*-300*, or 145 kva. 

The difference between the two lagging components (400 — 145) is 255 kva 
and is the leading kva that will Ik? necessary to raise the power factor to 0.90. 



Fine 4.V Cur vi* Showing (‘uprintor KiHjmrod to tjivo Dorn red Power-Factor Improvement 
I hM.ermination of capacitor required to «ive desired correction in power factor. Follow hori¬ 
zontal line rorreepomlimr t» present power factor of load until it intersecta curve repreHcnting power 
factor desired. The vertical projection of this intersection on the luvse Rivea the size of capacitor 
required in per cent of kw. load. 

Binmplc. lamd dOO kw. Present power factor GO per cent, power factor deeired 90 per cent. , 
Projection of intersection of GO j»er cent powder factor line with 90 per cent power factor curve 
gives downed capacitor ut> 84.9 {>cr cent of dOO kw ., or 1*55 kva. 


To simplify these calculations, factors by which the kw load can be 
multiplied to give the size of capacitor necessary can be taken directly 
from the curves in Fig. 45. 

Each method of power factor correction has its field of applica¬ 
tion and it is possible that a combination of at least two tyjies of 
corrective equipment can be selected for each plant or building. 
However, correction by capacitors appears to be the most acceptable 
method, for the following reasons: 

1. They can be installed in any location without disturbing 
existing equipment. 
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2. Corrective capacity can be selected at will, with no depend¬ 
ence upon operating conditions, such as continuity of load, 

3. Capacitors produce their corrective effect every moment they 
are connected to the line, and since they are static, i.e., have no moving 
parts, there is little likelihood of necessity for repairs. 

STARTING AND CONTROLLING DEVICES FOR 
ALTERNATING-CURRENT MOTORS 

Starters and controllers for alternating-current motors normally 
include all switches and contactors necessary for controlling the start¬ 
ing operation and speed regulation (where required) plus thermal 
overhaul devices to protect the motor against norma) overload. All 
parts are of adequate capacity to break the normal overload or stalled 
current of the motors to which they are connected, but are not 
designed to interrupt short-circuit currents which may be caused by 
grounded or short-circuited wires and cables. Circuit-interrupting 
devices such as fuses, air circuit breakers, or oil circuit breakers of 
adequate interrupting capacity should he installed ahead of the control 
equipment to protect fet'der lines and control, and also to meet 
Underwriters’ and Code requirements. 

All circuit diagrams shown hereafter in this section are standard, 
as used by the General Electric Co., and are shown to be illustrative 
of general types. All diagrams arc used by courtesy of the General 
Electric Co. 

Single-Phase Motor Starters. Single-phase motors may be 
started and adequately protected against overload by manual or 
magnetic two-pole switches, with one overload coil. The only excep¬ 
tion is in the ease of the high-torque capacitor motor which requires 
a third pole to disconnect the running capacitor. 

Polyphase Motor Starters and Controllers. Squirrel-Cage Induc¬ 
tion Motors . For small sizes, manually operated starters with two-coil 
overload protection are available. These do not provide undervoltage 
protection or facility for remote control by push-button, or pilot 
control such as float switch and pressure switch. Fig. 46 illustrates 
connection of a magnetic across-the-line starter for constant-speed 
motors. 

Fig. 47 shows the circuit of a magnetic reversing switch for squirrel- 
cage motors. 




Fig 47. Connection Diagram tor He versing Magnetic Controller 
Pressing the For button allow*, current to flow from line Ll tnNfo/iaiul h Vr. buttons. contacts 
$ anti *. terminal » near the forwnril contactor, through the For. contactor coil, terminal '. tempera¬ 
ture overhaul relay contact* to 1*4 This closes the forward contactor, at the same tune forming a 
circuit across contact >' of the contactor, which allows current to flow from terminal d on the Hrr. 
button through to terminal t near the forward contactor, through that contactor coil, holding it 
closed when the For button is released and returned to the position shown Pressing the Stop 
button opens the circuit of the For contactor coil, allowing that contactor to o|>en. Then the 
reverse button can l*e pressed and a flow' of current will oh«*e the firr contactor in a similar manner. 
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Fig. 48 illustrates connection of a typical manually operated 
reduced-voltage autotransformer type starter for squirrel-cage induc¬ 
tion motors. 

Fig. 49 illustrates magnetically operated one-step primary- 
resistance type of induc tion-motor starter. 



l ip. 48 f'nmiortiniip for Manual AuinCran* f*»rmrr Kcduccd Volfape* StarInr 
Standaiii !>i tiif up t<> /VO hp h:»\c lun trip.-. :ind tltoM* iiUivt /VO hp have <lirc«B taps. 

Miivinp *hc handle of tin* compensator lo the Shirt position emit*#** tin 1 proup ol movable contact*, 
indicated within the dotted rivi atu.de. In move down on top of the starting, contact. f'uncuit thsn 
flow- jjojn line wirp> L', b./ T and /.d directly to the uppri terminal H of the aululranaformor, 
tliiouidi it to 1 he Star connection at A Tap No ' of each cod tn connected to motor termimtln 
T! T: and T.i respectively \\ lien the hatnih* is pushed to the running position, the movtibln 
contacts slate ovei on top of the rur nmp contacts. connect out linew /./. and 1*3 directly to Iho 
motor tci initials 77. 7 V. and T > I ho coiri|*ensator handle i* held in the running position by 
means of a ran h that ran be tupped by the plunder of the undet-voltape roil. The overload relay 
as unit as the stop button ran open the under-voltape coil circuit and trip out the coinpermittor, 
allowing the movable contacts to return to the position shown in the dtafOarn. 

Fig. 50 shows wiring connection for a magnetically operated, 
reduced-voltage, autotransfonner type starter. 

It would he diffic ult to show the many types of connections 
required for inultispeed scjuirrel-cage induction motors, because of 
the many different motor winding connec tions required for different 
torques. Therefore, only Fig. ol is shown to illustrate a magnetic 
controller for a typical two-winding, two-speed induction motor, 
requiring the simplest type of control. 

Manually operated drum controllers are also used for inultispeed 
motors. In most instances, especially for constant-torque and con- 
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LINES 



TEMPERATURE 
OVERLOAD RELAYS 
NANO RESET 




MOTOR 


IE SR. MASTER SWITCH IS USED IN PLACE OF 
PUSH BUTTON STATION , CONNECT AS SHOWN 


Fig 49. Connection* for Primary Hraistor Type Starter 
Pressing the Start button allows current to How from Li to the line contactor coil 4> through 
temperature overload relay contact to i 1 , through the push button, terminals ~ to $ to line Z.3. 
This closes the line contactor LH, to lines Ll, Li’, and W. through the starting resistor RI-R4, 
R$~Rf>, RX-Rrt, respectively, to the motor terminals Tl . 7’". and T.i Then when the timing relay 
// doses contacts 4 and <». current flows through coil r» of contactor .1. This short-circuits the start¬ 
ing resistance, connecting the motor d.rectly to the line. 


92 










OPERATING GENERATORS AND MOTORS 


55 


*US» BUTTON STMTtONt 



Fiji . r »0 Wiring Diagram for a Magnetically Operated AutotrunHformrr Type Reduced 

Voltage. Starter 

Pressing the Start button allow* current to Mow from Ll, through the temperature overload 
relay contact S to -5. through the start contactor coil fi, through the time accelerating relay contact 
12 , to terminal* 12 and J of the start button, through the push button to terminal it and line LS. 
Current- flowing through the contactor coil o’ causes the Start contactor to close, connecting the 
line# Ll, LH, and LS to the autotruunformer coils FA, Fit, and Ft'. Them* three coils are Star 
connected at points .1, ll, and (' The ta;w HA, 2ft, and 2*' are connected to motor terminals Tl 
and T2 through the contacts AT, and Tit. The tap on coil C is connected directly from HC to 
terminal T.i. When the Start push button is pressed, current also flows from line Ll to temperature 
overload relay contacts ,v and ■». through terminal a, through the timing relay coil to £, and to ter¬ 
minal 2 of the push button. This closes contacts 1 and 2 at the tuning relay and applies voltage 
to the motor of the timing accelerating relay. This voltage is from the middle point on the coil 
below the word Whit* and terminal 2. Current going through the coil close* contacts / and 2, 
establishing the holding circuit when Start button is released When the motor of a timing acceler¬ 
ating relay operates, it opens contacts 12 arid *>. allowing the start contactor to return to the open 
position, closing the interlock » above contactor coil tl. At the same time the motor closes the 
contact* 12 to 4 of the running contactor coil, allowing current to flow through that coil and closing 
die running contactor. Th* motor terminals Tl, T2, and T.I are connected directly to the line 
terminal*. Taps on auto transformer are similar to those shown in left-hand view, Fig, 48. 
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Fig. M. Magnetic Controller ('nnnectnms ft*r Two-Speed Squirrel-Cage Induction Motor 
Tins motor has two separate windings The high-speed terminals are Tl. 7V. ami 7’.*’. The 
low-Hj>eed windings are Til, I'll, and 7’/ >. Pressing the slow speed button joins wires and 4 
at the push button, forming a circuit from Li, terminals 7. s, 11. right-hand overload relay, termi¬ 
nals II. W, to the low-speed contactor coil, to terminal .-> at the push button, through the Fust 
button 4. wire stop button, wire .i, terminal .5 to L-i This eauses the low-sj»eed contaetor to 
ch.,<e, connecting 1.1 , /V, and hi directly to the motor terminals through the overload relay coils 
HL to motor terminals Til, Tl J, and Tl.t respect ivel> When changing to high-speed, pressing 
the push button marked Fust causes current to flow from terminal f> through the high-speed con¬ 
tactor coil, terminal J to the push button, terminal /. through the low-speed button terminal ft, 
through the Stop button, wire terminal ■* and hi This closes the high-speed contactor, joining 
the main lines l.l, L. } , and L * directly ti> the motor terminals Tl. Tit. ami 7’d. through the overload 
relay coil and line wires Tl and 7V When either the high-speed or low-speed contactor closes, 
contacts t aiul d, and contact 4 <»f the low-speed eontaetoT are connected, holding that particular 
contactor closed when the fast or slow button is released 


stunt-horsepower motors, an overload device is provided for each 
operating speed. 

Control for Wound-Rotor Induction Motors. Fig. o2 shows the 
circuit of a manual-dial type secondary starting rheostat with inter- 
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locked primary magnetic switch, for small motors up to 20 horse¬ 
power. Since the primary switch cannot be closed until the interlock 
is closed, with the dial in ‘‘Resistance In” position, it is impossible 
to start the motor with the rings short-circuited. 




Fig 52. Wiring Connection* for Stalling Small Slip-King Induction Motor 
Ku*hing the .small lever down on the front view of rotot resistance controller joins contact* 
£ and ;f, allowing currcni to How from Li. through contacts o' and line cntitacior coil, 1 etnj»ct at ure 
overload rela\ contact, to line /<■» This clos«*s the contactor, joining Ll , and 1.-1 through the 
temjKrrature overload relay to the motor terminals 7*/, T.\ and T-1. \\ hen the contactor closes, Ll 
n joined to control terminal 1 . thus providing a holding circuit through the contactor coil. The 
l *p«»cd of the motor is increased hy moving the rhiw*stat har Hi t and HI ch*ckwise, dec.teasinj? tho 
rc-istance hctiMH'ti the rotor leads M.i and A/~ and also between Ml and A/,.' 


A simple, manually operated, dial-type control with secondary 
resistor for speed-regulating duty is illustrated in Fig. 53. The push¬ 
button station may be omitted and the interlock switch wired direct 
to the primary magnetic switch coil, if desired. 

Larger motors whose secondary current per phase exceeds 100 
amperes require manually operated drum switches. Fig. 54 shows 
connections, using either a primary magnetic switch or a primary 
oil circuit breaker. Roth combinations use an interlock circuit to 
primary switch, requiring all resistance to be inserted in motor sec¬ 
ondary before primary switch can be closed. The same wiring is used 
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for both starting duty and speed-regulating duty, the only difference 
in equipment being the resistor which is heavier duty for the con¬ 
tinuous service required in speed-regulating duty. 

Magnetically operated starters are also available for slip-ring 
motors, see Fig. 55. If such a control is required for speed-regulating 
duty, the number of contactors is increased to give more speed points, 
the resistor is changed to speed-regulating type, and a multi-button 
push-button station and additional interlocks on each contactor are 


P. 8 . STATION 



Fig. 53. Mtinual SpwMi-rvguIntmg Control for Small Slip-Ring 
Induction Motor 

The internal connection of the primary magnetic switch i** similar to Fig. 46. The speed of the 
motor is increased hy moving the >' arm clockwise Tlus decreases the amount of resistance across 
the slip rings Ml, M £, and M.i of the motor 


used to give pre-set control. When any speed button is pressed, the 
control will automatically accelerate to that point and run at the 
pre-set speed. 

Control for Synchronous Motors. Fundamentally, the same 
elements of control must be provided for a synchronous motor as are 
used with alternating-current generators, namely: main-line switch, 
field switch and discharge resistor, and a field rheostat. When starting 
a motor with this simple control, certain precautions must be exer¬ 
cised to insure synchronization without damage to motor or undue 
disturbance to line. The field switch is open, with the motor field 
shorted across the discharge resistance. The first operation is to close 
the main switch. The motor will then accelerate up to near syn¬ 
chronous speed, as does an induction motor. Then the field switch is 
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t *J 4 St r M MtHt* —Carcass 



Fig .V! Ni»ii-revei*tng Drum Switches am) Resist ora for Wound-Rotor 
Induction Motors with Tlin'o-I’imw Secondary 
This type of drum -outroller mu he* used with u primary magnetic switch like Fig 4A or with 
a circuit breaker. When used with a magnetic switch, huger* J. and .} are used With a primary 
oil circuit breaker. onl> finger* i and -i me used to provide u magnetic lock on the circuit breaker. 
There in no electrical connection between these four lingers and those marked HI, Ha, etc. The 
purpose of the drum controller is to decrease the amount of resistance in *tei»i Hi, HS, Rl-H/I, 
Hi R 4 , then decrease the resistance AV A’*<. etc 1 or tracing the circuit* where the wirea enter a 
cable, they have a similar letter and number when leaving that cable to the finger The heavy 
b!.,.'k line represent* the disk* on the drum controller ami the black double circle represent* the 
'finger* The handle on the drum controller rotate* the segment* for the different point*, of which 
there are Id. liach point cut* out one step of resistance in the rotor circuit, first in one phase and 
then the other 


closed, causing the motor to be excited as a synchronous machine, and 
it will pull into step or synchronism. The field excitation may then be 
adjusted to the required value to produce unity or leading power 
factor operation. If autotransformer, reduced-voltage starting equip¬ 
ment is used, the same procedure is followed except that the motor is 
accelerated on the starting step and then thrown to the full-voltage 
position and allowed to pull up to speed before closing the field 
switch and synchronizing. 

Manual starting, as described, requires attendance on the part 
of an operator arid supervision of the subsequent operation to insure 
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Fig. W>. Magnetic Control for Slip-King Induction Motor 
Thin controller starts the wound-mior induction motor with nil the resistance in the motor 
circuit the first step. then half the resistance cut out and finally all of the resistance cut. out of the 
rotor circuit. Thi» can he accomplished hy pressing the Start button, which allows control current 
to flow from to terminal through line contactor coil LE, contact 2 of the push button, across 
the push button terminal, to the stop-button terminal ■>, to the OL contact.' ,i and 7 to line L2. 
This closes the contactor LE. connecting lines Ll, L2, ami LA to the motor terminals T! , T2, and 
7through the overhaul relay coil. The contactor also closes contacts I and 2 at. the right-hand 
end of the contactor and sets the time interlock in operation After a set time the time interlock 
♦5-/.*l will close tluvse contacts This allows current to flow from line LS to terminal J t . through the 
interlock contacts * and t>. contactor coil IA. contacts 1,1 and »>. to line L2. ('losing the contactor 
l A joins the terminals R2, fi t. and H j of the resistor shown at the right, which short-circuite or 
cuts out of the circuit resistance Jit fi .\ til -RS. ami Rl~Rl 

After a brief time interval the time interlock at the right of contactor 1A closes, allowing 
current to flow from line i.S. control terminal to contactor coil 5.1, through the contact 2A of 
the time interlock to l A. through IA of the time interlock on the contactor LE to line L2. This 
causes contactor 5/1 to close. This joins resistance R‘>. Rt>\ and R7 together. This has the efTcct 
of cutting out all the resistance, or the same as short-circuiting the rotor leads Ml. M2, and MS 
of the motor. When contactor 5.1 closes, the lock-in contact 2 and contact 2A on the dotted line 
establish a holding circuit through contactor coil 5.1. At the same time the interlock contacts 
4 and t> are opened, allowing contactor 1.1 to open. 

proper protection of the motor. Modern synchronous-motor control 
has been developed to the point where only an initial starting opera¬ 
tion is required, such as pushing a “start” button if fully magnetic, 
or oj>erating the main starting switch if semimagnetic. Subsequently 
and at the proper time, field application is accomplished auto¬ 
matically by control and timing devices. Thus an operator is re¬ 
lieved of the responsibility of determining sequence and timing. 
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DIESEL ELECTRIC PLANT OP THE CITY OP VERNON, CALIFORNIA 
Each one of the five alternators are rated at 7600 kv-a. at a power factor of 80%, 7200 roits, three phase, 60 i 
generator at extreme left is used to furnish direct current for the fields of the exciter, which in turn supplies 
toe field of the large alternators. The flywheel and alternator are enclosed is metal housings. 









THREE-CYLINDER BALL-MUNCEE DIESEL ENGINES DRIVING 100 KW. 327 R.P.M. 2400-VOLT IDEAL FLYWHEEL TYPE ALTER¬ 
NATING-CURRENT GENERATORS AND V-BELT DRIVEN EXCITERS IN THE R.EJL PLANT AT POPES CREEK, MARYLAND 
The unit in the rear is operating. Note the standard and synchronous clocks on the switchboard. 

Coftricay of The Iflenl EUetric <t* Mny^fQrturing Company. nOhio 









VOLTAGE REGULATION OF 
DIRECT-CURRENT GENERATORS 

ACTION OF FIELD WINDINGS 

Uniform generator voltage, regardless of changes in load, is re¬ 
quired in most Diesel-electric plants. In the ease of direct-current 
s\ steins, it is a simple matter to maintain constant voltage, unless 
Vie load changes are se\ne and sudden, Compound-wound generators 
are used and the field poles are excited by two independent windings: 

/ a) the shunt field circuit, which is connected across the main line, 
and (!>) the series field circuit, through which is passed all of the 
current generated. See big. 1. 



+ BUS 

Fit*;. 1. Schematic Diagram of Com¬ 
pound - Won i id Generator 

Shunt Generators. The slumt field supplies sufficient magnetiza¬ 
tion for maintaining rated voltage at the generator terminals at no 
load, i.e., when no current is passing through the series field. How- 
over, this field excitation would be insufficient by itself to maintain 
rated voltage when the load increases and more current passes through 
the armature. The voltage would fall on account of the so-called 
armature reaction which weakens the effective field magnetism, and 
also because of the greater voltage loss (IR drop) in the armature 
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windings. In the case of a shunt-wound generator, the field can be 
strengthened by cutting out resistance in the field rheostat and thus 
increasing the shunt field current. However, this requires the oper-^ 
a tor's attention if done* manually, or an additional control device if 
handled au tomatically. 

Compound Generators. The series field of a compound-wound 
generator supplies a simple and effective solution that answers most 
requirements. When the load increases, the current through the series 
field windings becomes greater and the field magnetism automatically 
increases enough to hold up tlu* voltage. 



PER CENT OF RATED LOAD. CONSTANT SPEED. 

2 Compounding Curve for 
D C. Generator 

Compound-wound generators are usually supplied flat-com¬ 
pounded, i.e., they will give the same voltage at full load as at no 
load (speed being constant). In between these limits it is not feasible 
to make the field strength vary at exactly the correct rate to maintain 
perfectly uniform voltage, and the compounding curve will rise as 
shown in Fig. 2. However, in standard practice the compounding 
curve will not vary more* than three per cent from the voltage at no 
load or full load. 

Compound'-wound generators may also be over-compounded by 
increasing the strength of the series fields, so that the voltage at full 
load will exceed that at no load. In this manner, voltage drop in the 
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distribution line may be compensated for, and constant voltage main¬ 
tained at the load itself instead of at the generator terminals. Over¬ 
compounded generators generally have the following characteristics: 


Terminal Voltage 


No Loud 

Full Load 

120 

125 

240 

250 


Under these conditions the compounding curve may vary somewhat 
more than three per cent from a straight line between no load and 
•full load. 


EXTERNAL REGULATING DEVICES 

Need for Regulators. There are several applications of Diesel 
electric direct-current plants where compound-wound generators 
either will not furnish sufficiently good voltage regulation or would 
he unsafe without external protective devices. It will be remembered 
that the voltage* generated by a direct-current generator is directly 
proportional to its speed, other factors remaining the same. Conse¬ 
quently, the voltage regulation of a direct-current generator and Diesel 
engine combination depends upon the speed regulation of the engine 
as well as upon the voltage regulation of the generator. Unless the 
engine is equipped with an isochronous governor, the speed at full 
load will be less than that at no load. Even if the speed is kept 
constant, the compounding curve is not a straight line between no 
load and full load (see Fig. 2); this voltage deviation may not be 
acceptable in certain types of service and may justify the* use of an 
automatic voltage regulator. Such regulators are also used to obtain 
constant voltage from generators required to run in a wide range of 
speeds, such as generators connected to Diesel-driven compressors 
and pumps. Another common application is the control of the voltage 
impressed upon a storage battery that is being charged from a variable 
voltage source, as in railway' Diesel-electric systems, where the gen¬ 
erator is designed to develop widely different voltages in order to 
control the speed and torque of the traction motors. 

When direct-current generators are operated in parallel, automatic 
voltage regulators are of further advantage in facilitating load equal¬ 
ization, particularly with dissimilar units, for example, units with 
different voltage regulation or different speed droop. Automatic regu- 
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lators make it unnecessary to use equalizer connections and switchgear 
for the series fields (see Parallel Operation); this is a particularly 
significant item when three-wire generators are involved. In fact, 
automatic regulators make it feasible to use simple shunt-wound 
machines (although the presence of series fields does not affect the 
operation with regulators). 

Effect of Sudden Load Changes. When a heavy increase in load 
is suddenly imposed upon an ordinary compound-wound generator, 
the magnetic lag (hysteresis) of the field poles prevents the series 
field building up its strength fast enough to offset the increased volt¬ 
age drop at the generator terminals. Also, the shunt field is weakened 
bv the reduced voltage applied to it. Consequently, a momentary* 
dip in voltage takes place until the stronger series field becomes 
effective. Such voltage dips are objectionable in private plants fur¬ 
nishing power and light to office buildings, apartment houses, etc., 
where a high quality of lighting service must be furnished despite 
sudden load changes due* to the operation of ('levators. 

In most cases the engine speed changes much more slowly than 
the load does, because sudden speed changes are prevented by the, 
inertia of the flywheel and other rotating parts. The problem of 
voltage dip or lamp flicker on sudden load changes is therefore an 
electrical one. 

Automatic voltage regulators tend to reduce* voltage dips caused 
by sudden heavy loads through their ability to force a rapid increase 
in field strength. When the voltage starts to fall, the regulator mo¬ 
mentarily applies maximum field current, thus overexciting the gen¬ 
erator for a short time until its normal voltage is restored. In this 
manner the time delay due to lag is shortened. 

Battery Charging. Compound-wound generators, unless provided 
with special safeguards, are undesirable for charging storage batteries. 
The reason will become clear upon examination of Fig. 3 showing a 
compound-wound generator connected to a battery. After the battery 
has received charge for a time, its voltage will approach that of the 
generator. If now the speed eff the Diesel engine driving the generator 
should decrease, the generator voltage may fall below that of the 
battery, whereupon current will flow in a reverse direction from the 
battery to the generator, causing the latter to deliver power to the 
engine. This immediately speeds up the Diesel unit enough for the 
engine governor to cut off the entire fuel supply. The current will 
continue to flow through the shunt field in the same direction, thus 
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Fig. o. Diagram of Compound- 
Wound Generator Connected to 
Storage Battery 

maintaining the same polarity of the shunt field, but the series field 
Avill acquire a reverse polarity and will “buck” the shunt field. The 
net field strength is thus reduced and with it the generated voltage or 
counterelectromotivc force, causing the unit to speed up further (like 
an ordinary shunt-wound motor when the field is weakened). In turn, 
the battery delivers a still heavier motorizing current, further strength- 



Fig. 4 . Carbon-Pile Regulator 

Courtesy of The Safety Car Heating 
and Lighting Co., Inc. 
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ening the reverse effect of the series field. The action becomes rapidly 
cumulative and will end in a runaway if the net field strength is 
sufficient to give the required accelerating torque; or, if the net field 
becomes too weak, the machine will suddenly stall under heavy cur¬ 
rent flow and the powerful series field will reverse the generator’s 
polarity. Because of these hazards, compound-wound generators, if 
used in storage battery service, must be provided with suitable reverse- 
current protection. If shunt-wound generators are used, voltage regu¬ 
lators are generally used to control the charging rate. 

Carbon-Pile Regulators. Carbon-pile regulators are frequently 
used for regulating generator voltage. In this type of regulator a 
variable carbon resistor takes the place of the conventional hand* 
operated field rheostat. The carbon resistor consists of a number of 
thin carbon disks and is operated electrically by a solenoid and 
plunger through a lever mechanism which varies the pressure on the 
carbon pile and thus adjusts its resistance. 

The self-regulating carbon pile found its most extensive use in 
the railroad car-lighting field as a control for generator and lamp 
voltage, and for battery charge. Being simple and nigged, low in first, 
cost and maintenance cost, its use has now spread to other fields. 

In Fig. 4 is shown a small carbon-pile regulator as built by The 
Safety Car Heating and Lighting Co. The carbon pile consists of 
two sets of disks l 7 *" diameter and thick, with a capacity of 150 
watts, and a resistance with the piles connected in parallel ranging 
from a minimum of 2 ohms to a maximum of 20 to 70 ohms, depend¬ 
ing on the voltage drop across the pile. The pressure on the piles 
of disks depends upon the pull exerted by the solenoid, shown at the 
extreme left in Fig. 4. The pull of the solenoid varies with the current' 
passing through the coil, which in turn depends upon the voltage of 
the circuit to which the solenoid is connected. 

All parts of the regulator art* mechanically balanced, the necessary 
resisting forces being obtained from springs. This gives constant and 
close* regulation in spite of jars or movements incidental to service, 
and eliminates heavy liquid dashpots. The dashpots used are of the 
inverted air type with graphite plungers. It is claimed that these 
dashpots are constant in action winter and summer, regardless of 
temperature changes, and do not become clogged with the dust of 
service. 

Variation in the regulated voltage due to heating of the voltage 
coil is limited to five per cent by inserting a zero-heat-coeflicient re- 
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sistance in series with the coil. Closer compensation can be had when 
necessary. Adjustment is provided so that any desired voltage may 
be obtained within the limits of the regulator. A schematic wiring 
diagram showing the application of a carbon-pile regulator for con¬ 
trolling generator voltages is shown in Fig. 5. 

The' generator in this case is controlled to give the proper voltage 
throughout changing speeds and loads bv the amount of current 
supplied to the shunt field. This field current is controlled by the 
resistance of the carbon pile in series with the field. The resistance 
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Fig. 5. Sclit'inafir Wiring Diagram 
of Carhon-l’ile Hrgr.latnr Control¬ 
ling Slum! Wound Cmrrator 

Courtesy of The Safety Car Heating 
and Lighting Co., hn . 


of this carbon pile is governed by the pressure exerted upon it hv a 
lever which is operated by a plunger of the potential coil. If the 
voltage tends to rise above that which the regulator is set to maintain, 
the voltage coil, through its lever, reduces the pressure on the carbon 
pile and holds the voltage to its proper value. 

Carbon-pile regulators can also lx* used with compound-wound 
generators by using an extra, current-responsive winding on the voltage 
coil. A typical wiring diagram is shown in Fig. 6. It will be noted 
that the extra winding is shunted across part of the series field wiring. 

The application of a carbon-pile regulator to control a battery 
charge from a variable source of voltage is shown in Fig. 7. In this 
case, the carbon pile is connected in series with the battery, and is 
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Fig. (i. Schematic' Wiring Diagram of Westinghouse 
Carbon-File Regulator Controlling Compound-Wound 
Generator 

Courtesy of VV esttnghotise IJectru and Manufacturing Co. 



Fig. 7. Wiring Diagram of Carbon-Pile 
Regulator Controlling Battery Charge 
Courtesy of The Safety Car Heating and Lighting Co., Inc. 
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also equipped with a reverse current relay for disconnecting the bat* 
terv from the generator when its voltage is below that of the battery. 
The charge in this case is controlled by the voltage only, although 
if desired, some current control can be used. The potential coil is 
connected across the battery when the reverse current relay is closed, 
and if the generator voltage is higher than that which it is desired 
to maintain across the battery terminals, the plunger of the solenoid 
will move, and thereby increase the resistance of the carbon pile 
until the desired potential is obtained. With a decrease in voltage at 
the battery, the opposite action takes place. 

Vibrating-Type Regulators. Vibrating-type voltage regulators are 
sometimes used for direct-current generators supplying lighting and 
power loads where the power load is subject to sudden changes and 
would otherwise cause considerable flicker in the lights. They operate 
on the principle that when a regulating resistor is short-circuited a 
large voltage is available to bring the exciting current quickly to the 
desired value. The action consists of rapidly cutting in and out a 
resistance in the generator field circuit by means of vibrating contacts. 

In the case of very small machines, the field resistance may be 
shunted directlv bv the main contacts of the control element. How¬ 
ever, where the field current is large or where more than one gen¬ 
erator is to be controlled by the same regulator, the field rheostats are 
shunted by the contacts of secondary relays that are controlled by 
the main control element. 

Yibrating-tvpe regulators in general apply corrective action to 
restore voltage more quickly and more powerfully than the action 
<>f the series field of an unregulated generator or that of most of the 
simpler forms of direct-current voltage regulators. In turn, the gen¬ 
erator itself responds more quickly, and steadiness of the voltage is 
greatly improved. 

This type of regulation has good sensitivity; that is, the regulator 
will respond to small voltage changes, and if the load is steady or 
changes gradually, the regulator will hold the voltage within a small 
zone. When expressed as a percentage of the normal voltage, this 
zone is called the sensitivity of the regulator. However, if the load 
changes too suddenly, the voltage will momentarily leave the sensitivity 
zone, even though the regulator immediately applies corrective action 
and eventually restores the voltage to normal. The reason for this 
is the time lag of the generator itself, which is quite independent of 
the regulator. For any given regulator, the magnitude and rate of 
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load change determines how far the voltage will depart from the 
sensitivity zone, and the time constant of the generator determines 
the time required to restore it to normal. The performance of the *v 
generator and regulator combination under specified conditions of 
rapid load changes is termed the overall regulation. 

For this reason, where load fluctuations are sudden and relatively 
large, such as those caused by the starting of large elevator motors 
in small generating plants, even the most sensitive voltage regulators 



I’ iv*. N. \\ i\ j>c l \ -IXI \ ‘ihi.itiug ltc^ul.itor 

Courtesy of ll'i. V.lortric and Manufurtttrmg Co. 

cannot entirely eliminate the flickering of lights supplied from the 
same bus. 

Operation trithout Relays. A simple form of vibrating-type regu¬ 
lator known as Westinglumse Type UY-1XI is shown in Fig. 8. It 
consists of stationary main and autihunting coils, a moving coil which 
is directly connected to the center shunting contact, and two stationary 
contacts. The three contacts are relatively large in size, and have 
contact faces of silver to graphite. This contact combination, with 
correct polarity, tends to keep the contact surfaces clean and prevents 
sticking or welding. 
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Fig. 9. Pictorial Wiring Diagram of West in-house 
Type UV-JXi Hegulator 

Courtesy of West in-house Electric and Munufatturinu Co. 


The magnetic circuit consists of a soft iron casting, the core of 
the stationary coils extending into the moving coil, which is wound 
on a nonmagnetic spool. A spring closes' the right and center contacts, 
, and the pull of the moving coil separates them. The right and center 
contacts shunt the field rheostat; and on applications requiring wider 
ranges, the center and left contacts shunt the field through a resistor. 
Fig. 9 is a pictorial wiring diagram and Fig. 10 a schematic diagram 
of this regulator. Upon a fall in generator voltage the attraction of 
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\Rh Res/stor For Adjusting Cot / Current 
\R 2-Resistor For Ante Hunting 
\R3-Resistor For Increasing Range 

Fi^. 10. Schematic Diagram of Westinghouse 
'1'ypc l ? Y-])G Hcgulator 

Court ray of Wcstinghousc Electric and Manufacturing Co. 

the stationary and moving coils is weakened, whereupon the spring 
closes contact C-l and thus short-circuits the main field rheostat, 
increasing the field current. 11-3 (not always used) is a resistor 
which, when contact C-2 is closed by rising voltage, shunts the gen¬ 
erator field itself; it thus broadens the range of the regulator. R-l 
is a resistor in series with the stationary and moving coils which 
reduces the effect of temperature; it is also used for adjusting voltage. 

The regulator is stabilized by a stationary antihunting coil and an 
adjustable resistor (71-2), which are in parallel with the generator 
shunt field. Their action is as follows: When a decrease in voltage 
causes contact C-l to close, the current through the shunt-field circuit 
is increased, causing more current to pass through the antihunting 
coil and increasing the attraction between the stationary' and moving 
coils. This causes contact C-l to open at once and reverse the action, 
so that a continuous rapid vibration is produced. The action, in 
principle, is similar to the interrupter used in an ordinary bell or 
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buzzer. The effect of the generator voltage on this continuous vibra¬ 
tion is to vary the ratio of the time that contact C-I is closed to the 
# totaI time of each cycle of vibration. This action gives the field 
rheostat what is termed effective resistance , which in turn determines 
the generated voltage. 



Fig. 11. Westinghouse Relay-Type Voltage Regulator 

Courtesy of W'estmtihousc Eh ( trie and Munufaeturinn Co. 


Condensers are used across the contacts to prevent sparking. A 
liquid-type dashpot is connected to the end of the lever arm by a 
helical spring. The spring permits the nonnal minute oscillations to 
take place freely without restriction by the dashpot, which is intended 
to function only when an actual change in load occurs. 

This type of vibrating-contact regulator is simple, compact and 
comparatively inexpensive. It is little affected by shock, tilt, external 
vibration or change in position. It is therefore adapted for use on 
Diesel-electric shovels, dredges, portable plants and marine and rail- 
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way service. Because of its single contactor, it cannot be used to 
control more than one generator. The rated sensitivity (defined 
previously) is plus or minus two per cent of normal voltage. 

Operation with Relays. For large-sized machines, for closer voltage 
control or for controlling paralleled generators from a single regulator, 
a more elaborate form of vibrating-contact regulator is used. This 


Mam Contacts 



Fig. 12. Wirir * Diagram of WVstinghoiisc 
Kola Tvpo Rigulatnr 

Cum rfi‘.vi/ of Wcstingi. him’ Electric and Manufacturing Co 


incorporates precious-metal main contacts on the control element and 
secondary shunting relays for the generator field rheostats. Generally 
up to three shunting relays can be controlled by the contacts of the 
main control element; if a greater number of relays must be con¬ 
trolled, a master relay is used, the contacts of which control the 
shunting relays. 

Fig. 11 illustrates the Westinghouse form of direct-current voltage 
regulator with relays, known as Type DB. The schematic wiring 
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diagram. Fig. 12, shows the control element winding energized from 
the main bus. The shunting relays have two coils and each coil has 
two windings, the polarity of one winding bucking that of the other. 
# The one winding is constantly energized from the main bus and tends 
to hold the relay contacts open. The other winding is energized only 
when the main or master relay contacts are closed. When it is 
energized, the pull of the other winding is neutralized, allowing the 
spring to close the contacts. 

Disregarding for the moment the effect of the antihunting or 
vibrating connection a-b , when the voltage' on the main bus rises, the 
current in the main control coil is increased, causing the main contacts 
♦to open. This in turn opens one circuit of the shunting relay coils, 
allowing the other circuit to open the shunting r' lay contacts, thus 
inserting resistance in the field circuit of the machine. This causes 
the bus voltage to fall, which, in turn, decreases the current in the 
main control coil, allowing the main contacts to close. When the main 
contacts close, the second circuit ol the shunting relays is made, 
neutralizing the first and allowing the relay contacts to close. This 
short-circuits the field rheostat, which raises the bus voltage, and the 
Vvcle is repeated. The purpose ol the vibrating connection is to speed 
up the action by causing the main contacts to operate even before 
the regulator has had time to go through the whole cycle of voltage 
regulation just described. This is accomplished by the resistor between 
points a and h. The resistances between points c-a-d-b are so pro¬ 
portioned that when the main contacts close and the second circuit 
of the shunting relays is made, the current in the main control coil is 
increased, which tends to open the main contacts at once without 
♦ waiting for a rise in bus voltage. This is due to the fact that when 
both relay circuits are made, the difference between the potential of 
points a and b is decreased, thus decreasing the current in circuit a-b 
and increasing the current in the main control coil. 

Direct, Quick-acting Regulators. Among tin* latest types of volt¬ 
age regulators developed to give high-quality performance under 
severe load conditions is the quick-acting rheostatic type regulator. 
In this type the moving element has low inertia owing to lightweight 
construction, which, combined with maximum travel of only a fraction 
of an inch, enables it to move rapidly through its entire range when 
necessary. 

These regulators vary directly the resistance in the field circuit, 
operating only when a correction in voltage is necessary. There are 
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no vibrating contacts, so that this item of maintenance and replace¬ 
ment is eliminated. 

An example of the direct, quick-acting type of voltage regulator ^ 
is the Westinghouse “Silverstat” shown in Fig. 13 with front cover 
removed. In this regulator the moving element is a series of silver 
buttons, each mounted at the free end of an individual leaf spring of 


$ 9 



1’ig. 13. WVstiughmist’ “Silverstat” Regulator 
with Cover Removed 

Courtesy of Westinghouse Electric ami Manufacturing Co. 

conducting material. The other end of the leaf spring is fixed, and 
the assembly holding the fixed ends is arranged so that each is in¬ 
dividually insulated from the others. Each silver button is connected 
electrically by means of a wire stretching from the fixed end of its 
leaf spring to a tap on a stationary regulating resistance. The silver 
buttons are in this manner connected in sequence to consecutive taps 
or steps of the regulating resistance. The leaf-spring assembly appears 
in the upper part of Fig. 14. which shows diagrammatically the con¬ 
struction of the main control element used in these regulators. 
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The voltage to be regulated is applied to a stationary coil that is 
mounted on an iron magnetic circuit containing an air gap in which 
an iron armature can move. The armature is attached to the lower 
end of a moving arm, its pull being resisted by a spring. (See Fig. 14.) 
The upper end of the moving arm makes mechanical contact with the 
free end of the leaf-spring assembly. Tims anv change in voltage 
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Fig. 14. Pictorial Diagram of Main Control Element of Westinghouse 
“Sil\ erstat” IVguhitur 

Courtesy of UV stntglmusc Eh etru anil Manufacturing Co. 


changes the position of the moving arm, which in turn applies more 
lor less) pressure to the leaf springs, causing more (or less) of the 
silver buttons to make contact in succession. At one end of the travel 
of the moving arm, all of the silver buttons are separated from each 
other, placing maximum resistance in the field circuit. At the other 
end of its travel all of the silver buttons are closed, thus shorting out 
the resistance in the field circuit through a silver path and cutting 
resistance to a negligible value. Since the moving arm has a short 
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travel, all resistance can be inserted or cut out quickly or it can be 
varied gradually, depending on the change in excitation required. It 
is claimed, in fact, that the resistance is not changed step by step 
when the silver buttons make or break contact, but that because there * 
is a progressive change in pressure between the faces of the buttons, 
their contact resistance varies, and this effect combined with the small 
value of resistance per step acts to produce a completely smooth 
variation from practically zero resistance to the maximum. 

Other interesting features are the mounting of the moving arrn on 
supporting springs and the complete absence of pivots and bearings 
in the entire regulator. 

To stabilize the regulated voltage and prevent excessive swinging- 
under various conditions of excitation change, a damping effect is 
introduced into the regulator coil circuit bv means of a damping trans¬ 
former. The list* of this device eliminates the need for dashpots or 
similar mechanical antihunting devices. One winding of the damping 
transformer is connected across the shunt field of the generator. (See 
Fig. 15.) The other winding is connected in series with the regulator 
coil. When there 4 is a change in excitation voltage as a result of the 
regulating action of the regulator, there is an induced transfer of en-' 
orgy from one wind to the other of the damping transformer. The 
energy thus introduced into the circuit of the regulator coil acts, bv 
reason of its direction, magnitude, and time, to electrically damp ex¬ 
cessive action of the moving arm, thus preventing the moving arm 
from carrying the change in regulating resistance (and consequent 
change in excitation) too far. The damping transformer operates onlv 
when the generator excitation is changing; at other times the steadv 
current passing through it has no effect. 

Parallel Operation, These regulators are limited to the control of 
only one direct-current generator at a time, whether the generator be 
self-excited or separately excited from a constant source of potential. 
Where such direct-current generators operate in parallel the recom¬ 
mended practice is to provide each generator with an individual regu¬ 
lator equipped with a compensating winding to control the sharing of 
load between the several generators. 

General Electric “Diactor” Regulator. Another form of direct- 
acting, rheostatic regulator is the Diactor type built by General Elec¬ 
tric Company and known as Type ODD for direct-current use. The 
Diactor regulator differs from the Westinghouse Silverstat primarily 
in the design of the rheostatic element itself. Whereas in the Silver- 
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stat the voltage-sensitive element acts on a series of silver buttons 
mounted on leaf springs individually wired to taps on a stationary 
^resistance, the Diactor voltage-sensitive element acts directly on stacks 


Generator Bus 


Gen. Oku-: T 
Break?' 



Fig. 15. Pictograph Wiring Diagram, Westinghouso 
“Silvcrstal” Regulator 

Solid line connections apply lor single generators. When 
direct-current generators operate in parallel, dashed connections 
are added. 

Courtesy of Wcstitighousc Electric and Manufacturing Co. 


of pivoted resistance plates and tilts them in such manner as to change 
the length of the resistance path through them. 

A striking example of the many different ways in which direct- 
current voltage regulators can be applied is their availability as jre~ 
quency regulators in cases where shunt-wound or compound-wound 
direct-current motors are employed to drive alternating-current gen¬ 
erators. The regulator winding is connected to one phase of the 


119 













52 


DIESEL-ELECTRIC PLANTS 


alternating-current generator terminals through a frequency-indicating 
transformer and a copper-oxide rectifier, as shown in Fig. 16 for a 
General Electric regulator. The frequency-indicating transformer is* 
so constructed that the voltage appearing across its secondary is pro¬ 
portional to the frequency of the alternating-current generator output 



To load 


Fig. 10. Schematic Wiring Diagram. General F.lcetric 
“Diactor” Frequency Regulator 

of General F.lcetric Companu 

and is independent of the alternating-current line voltage if the latter 
does not vary more than 10 per cent from normal. Ordinary' alterating- 
eurrent voltage fluctuations do not affect it. Thus, when the frequency 
rises above normal the increased voltage on the voltage regulator 
causes it to decrease tin* resistance in its rheostatic element, which 
in turn increases the strength of the direct-current motor field and 
decreases the motor speed. A reverse action takes place on a drop in 
frequency. 
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ELIMINATING VOLTAGE DIP BY USING STORAGE BATTERY 

It has been mentioned previously that a voltage regulator, how¬ 
ever sensitive, can do no more than quickly and powerfully to apply 
corrective action to the generator when a change in voltage occurs. 
If the load change is large and sudden, the voltage will depart from 
normal; and the* time required to restore it after the regulator has 
acted depends upon the time constant of the generator. 

One method of eliminating the delav caused bv magnetic lag in 
the generator (emploved where high quulitv lighting service must be 
furnished despite a “rough*' load) is to list* a storage battery floating 
on the line in parallel with the generator and the load. W hen the load 



Fit*. 17. Simplified Diagram of ('outrolled Booster System for 
Breillat ini; I)X7 \’olt.ij»e 


is suddenlv increased and the generator voltage falls, tin* battery takes 
over part of the additional load. Since the load on the generator does 
‘not increase grcatlv, its terminal voltage does not suffer the drop it 
otherwise would, 

A further refinement of the storage battery plan is to use a con¬ 
trolled booster between the batten and the bus. This method, which 
is highly effective, is shown in simplified form in Fig. 37. In the 
system employed bv G. F. Strong for automatic Diesel plants, the 
booster consists of a 30-volt generator driven by a 240-volt motor 
supplied directly from the main bus and in continuous operation. 
The field circuit of the generator is controlled by a voltage regulator 
in such manner that both the strength and the polarity of the booster 
field is determined by the main line voltage. Whenever a sudden load 
is imposed upon the generating unit and the voltage tends to drop, 
the voltage regulator increases the strength of the booster generator 
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field in a positive direction, thus adding the booster voltage to that 
of the storage battery. Since the combined voltage then greatly ex¬ 
ceeds the bus bar potential, the battery immediately delivers to the 
bus practically all of the additional current required to maintain full 
voltage on the line. In other words, the boosting of the battery voltage 
causes the energy increment to be drawn from the battery instead of 
the engine-driven generator and prevents the voltage dip that would 
otherwise occur. 



Fig. 18. Chart Show¬ 
ing Current Flow 
lntworn Storage Bat¬ 
tery and Main Bus 

On the other hand, whenever surplus generating energy is avail¬ 
able, as when the load falls of! suddenly, the polarity of the battery * 
booster is reversed by the voltage regulator, causing the surplus 
energy to be absorbed by the battery instead of momentarily raising 
the line voltage. The voltage regulator is so adjusted that the batten’ 
remains fully charged while a continuous succession of short-time 
charges and discharge's goes on. 

The actual performance ot this system of voltage control is shown 
in the accompanying graphs from a 720-kilowatt, 240-volt Diesel-elec¬ 
tric plant equipped with a 1,380 ampere-hour 240-volt battery and 
a 30-kilowatt, 30-volt booster. Fig. IS is a high-speed chart of the 
current flow between the battery’ and the main bus. This shows a 
swing of 196 kilowatts at the point marked A, which is absorbed by 
the battery system in order to stabilize the voltage. The total period 
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of this swing, from 0 to 196 kilowatts and back to 0 again, occupied 
only 2Vi seconds. The balance of the curve shows the alternating 
swings of charge and discharge on the batten'. 



On die chart shown in Fig. 19, line ;\B shows the average load 
(arried by the engines. The energy above this line is supplied by the 
battery and that below is absorbed. A graph of the line voltage. 
Fig. 20, clearly indicates the very' close regulation secured, and Fig. 21 
shows a corresponding graph of the battery voltage caused by the 
booster in order to secure these results. 
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TESTING THE POPES CREEK MD.) R.E.A. FLYWHEEL GENERATOR AT THE MANUFACTURER’S PLANT 
In this type the armature windings are on the inside and stationary, and the field coils and frame rotate. 






VOLTAGE REGULATION 
OF ALTERNATING-CURRENT 
GENERATORS 


The compounding principle', which in the case of direct-current 
generators is a simple and effective means of maintaining constant 
voltage at different loads, cannot be used for alternating-current 
machines. The main reason is that all field coils of an alternating- 
'current generator must be magnetized with direct current, whereas 
only alternating current would be available for a series winding. 

The inherent voltage regulation of alternating-current generators is 
quite poor. A standard 50° C. rise generator, SO per cent power factor, 
when supplied with constant exciting current, will suffer a voltage' 
drop of about 40 per cent at its terminals when the load increase's 
from no load to full load. Voltage variations of this magnitude are 
# of course out of the question in most applications. Although the 
voltage could be controlled by manually operating the generator and 
exciter field rheostats and thus altering the amount of excitation 
current, such operation would not be feasible except in the rare cases 
of loads that are perfectly steady or that change seldom and at pre¬ 
determined times. 

Automatic voltage regulators are therefore required on most alter¬ 
nating-current installations. This problem lias engaged the attention 
of inventors and designers for the last fifty years, and a wide variety 
* of devices has been developed. While there are now in use many 
different forms of alternating-current voltage regulators, almost all of 
them control the current in either the alternator field or the exciter 
field by one of three methods or, in some cases, a combination of two 
of them. The rheostatic type controls the field current by varying in 
small steps the amount of resistance in the field circuit. The vibrating - 
contact type, known in some forms as the Tirrill type, continuously 
closes and opens a short circuit around a regulating resistor in the 
excitation circuit, the effective excitation depending upon the pro¬ 
portion of the time the resistor is short-circuited. The electronic type 
uses electronic tubes to rectify part of the alternating-current gener¬ 
ator output to furnish direct current to either the shunt field of the 
exciter or the field of the alternating-current generator itself, the 
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amount of excitation current being controlled electronically in accord¬ 
ance with the generator voltage. Combination rheostatic-vibrating 
types use a motor to move the field rheostat to a new position, and* 
also a vibrating contact to short-circuit the field rheostat during the 
interval while the field rheostat is assuming its new position, 

RHEOSTATIC TYPE VOLTAGE REGULATORS 

Rheostatic type voltage regulators vary widely in design, from 
simple types that are intended for less exacting service, to more com¬ 
plicated constructions suitable for quicker action and more accurate 
control. Some rheostatic type regulators are described herewith. 

Motor-Driven Rheostat Regulator. The Swam Automatic Volt¬ 
age Adjuster, shown in Fig. J, t is designed for small isolated electric 
plants and is simple, sturdy, and easily adjusted. The principle of 
operation is a field rheostat operated by a series motor, which in turn 
is controlled by a special type of voltage relay in which contacts are 
made and broken with mercury switches. 

The diagram of connections is shown in Fig. 2. The operation is 
simple, in that the armature floating in the field of the alternating-, 
current potential coil always remains in the same position with the 
same voltage. Should the voltage rise, due to a reduction in load, the 
armature rises and trips a mercury switch which, in turn, connects 
the operating motor to its source of current, causing the motor to run 
clockwise, thus cutting in resistance on the exciter field. As soon as 
sufficient resistance is cut in, the voltage will return to normal and 
the mercury switch contact is broken. The motor then stops and 
awaits another change in voltage. 

In order to obtain stable regulation, provision is made to adjust 
the speed of the operating motor so that the regulating resistance will 
be changed at a somewhat slower rate than the speed of response of 
the exciter and generator. In this manner, hunting or overregulation 
is avoided. The* speed of the operating motor is adjusted bv means of 
resistances R-l and R-2 (Fig. 2), separate resistances being used so 
that the Up speed can be adjusted independently of the Down speed. 
The operating motor speed can be adjusted so that the rheostat is 
moved through its full range in from 45 seconds to two minutes. 
This rate of response obviously would be too slow to give good voltage 
regulation in plants where there are sudden large changes in load. 

A hand wheel on the front is connected with the gear wheel bv 
means of a clutch, so that for quick starting hand control is provided. 
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Fig. 1. Automatic Voltage Adjuster 

Courtesy of B. E. S. Swam and Co. 


♦ As soon as the plant is started up and the voltage brought up to about 
the right value by operating the hand wheel manually, the wheel is 
released and the operating motor immediately takes command; if the 
voltage has not been set exactly correct, the motor will correct it at 
once and keep it corrected until the plant is shut down. 

The setting for the desired line voltage is made by means of a 
second resistor R-3 on the top of the panel connected to the potential 
coil. 


adjus re* 



Fig. 2. Wiring Diagram of Swam Automatic Voltage Adjuster 
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The differential between the voltage above normal and that below 
normal is made by an adjustment of the angle of the mercury switches 
with respect to each other. 

This adjuster may be used to control two alternating-current 
generators operating in parallel. In this case a single voltage relay is 
used to control two motor-driven field rheostats for the respective 
exciters, and tin* speed of each motor is independently adjustable. 



•>. (l.ifhon-tilr Kr^ulator lor Small 
A t!, ta*nt‘iators 

CourtcMf <i f Tlu' S<t f*'tu C>r Hi iifinn otul Lighting Co., Inc . 


Circulating currents between the two alternating-current machines 
must be adjusted to a minimum value by hand control. 

Carbon-Pile Regulators. Carbon-pile regulators for alternating- 
current generators, as in the case of those for direct-current generators 
previously described, depend on the principle that the resistance of a 
stack of carbon disks varies according to the pressure applied to the 
stack. The pressure is automatically varied by means of a potential 
coil acting through levers. This variable carbon resistor is used to 
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alter the exciting current of the alternator and thus maintain the 
alternator voltage constant. 

“Three Per Cent” Carbon-Pile Regulators. In Fig. 3 is shown a 
carbon-pile regulator of The Safety Car Heating and Lighting Com¬ 
pany design which is suitable for small alternating-current generators 
not requiring accurate regulation. This regulator employs a copper- 
oxide rectifier between the generator terminals and the operating 
solenoid (shown on the extreme loft in Fig. o) to change the alter¬ 
nating current to direct current, and thus provide a smooth, even pull 
on the solenoid plunger. The regulation obtained is within plus or 
minus three per cent. 

* The pull of the solenoid varies with the current passing through 
the coil, which in turn depends upon the generator voltage. Variations 
in the pull of the solenoid produce similar variations in the pressure 
on the carbon pile by means of a leverage system. It will be seen, 
therefore, that a variation of line voltage causes a change of resistance 
in the carbon pile and this change is such as to cause a correction of 
the generator voltage by varying the field. As the moving parts of 
the regulator are mechanically balanced, these parts are free to move 
easily but are not affected by vibration. Overshooting of the moving 
arm is minimized bv an adjustable air dashpot shown at the right in 
Fig. 3. 

The regulator may be connected in the exciter field as shown in 
Fig, 4, or in some cases may be connected in the generator field as on 
smaller size generators. The regulators have a voltage rating of 115 
volts. Means are provided to allow adjustment of the setting to within 
5 per cent either side of the normal rating. External transformers are 
•used to provide for other voltage settings. 

As the regulator coil or solenoid heats up, the voltage gradually 
increases because of the change in resistance of the winding. This 
effect is reduced by using a temperature control resistance, Fig. 4, 
whereby the voltage increase is kept down to 5 per cent or less. 

“One Per Cent” Carbon-Pile Regulators. For closer regulation the 
three per cent regulator just described is provided with an additional 
control panel shown in Fig. 5, instead of the simple copper-oxide 
, rectifier. This control rectifies the current supplied to the coil and so 
amplifies the changes in coil current produced by departures from 
normal voltage that regulation is provided within plus or minus one 
per cent of normal. The wiring diagram is given in Fig. 6. The 
regulator control panel incorporates a balanced bridge network of 

129 



62 


DIESEL-ELECTRIC PLANTS 


CARBON PILE COPPER OXIDE 



Fig. I. Wiring Diagram of Regulator Shown in Fig. 
Courtesy of The Safety Car Keating and Lighting Co. 



Fig. 5. Control Panel for Obtaining 
Close Regulation 

rwirt/*jv of The Safety Car Keating and Lighting Co.. Inc. 
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resistances and two grid-controlled rectifier tubes. A slight variation 
of voltage across the network changes the voltages on the grids of 
the rectifier tubes, causing a comparatively large change of current 
in the outputs of these electronic tubes, which, in turn, feed the 
operating solenoid of the carbon-pile panel. 



Fig. (>. Wiring Diagram of Control Pane l and Carbon-Pile Regulator 

Courtesy of The Safety Car Heating and Lighting Co., Ine. 

Quick-Acting Rheostatic Voltage Regulators. In recent years, 
highly refined forms of rheostatic voltage regulators have been de¬ 
veloped and have come into general use in applications requiring 
fast and accurate voltage control, in these regulators the moving 
parts have little friction and small inertia, so that a small deviation 
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of the voltage applied to the voltage-sensitive element produces a 
rapid and large change in the resistance of the rheostatic element. 
These regulators are sometimes called dir act-acting, because they* 
employ no relays or vibrating contacts but function by changing 
directly the resistance in the field circuit. They operate only when 
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Fii;. 7. Side View of “Diactor” Voltage 
Hejjulator without Kiu-losini; Cast* 
Cimrtcsy of General Electric Company 


a change in excitation is required. Three forms of such regulators 
are described herewith—the General Electric “Diactor” (Type GDA), 
the Westinghouse “Silverstat.” and the Allis-Chalmers Rocking-Contact 
Type. 

General Electric “Diactor." In this regulator, shown in Fig. 7, the 
voltage-sensitive element (at the bottom) is a direct-current electro¬ 
magnet between whose poles is mounted an armature, the pull of 

132 




VOLTAGE JiECULATION OF A.C. GENERATORS 


65 


which is balanced against a helical spring. The armature, which is 
supported by crossed leaf-springs, operates directly a wide-range, 
^quick-acting rheostat consisting of stacks of resistance plates which 
can be tilted. This rheostatic element is a unique feature. It consists 
of two or four stacks of resistance plates of special graphitic com¬ 
position, the stacks being formed, as shown in Fig. 8, from three main 
parts, namely, resistance plates, a metal contact plate, and an insu¬ 
lating spacer. Each resistance plate has a silver-button insert passing 
through the plate near the front end. The button is slightly thicker 
than the resistance plate itself. Insulating spacers separate the resist¬ 
ance plates at the rear of the stack. Tlu* metal contact plates located 
tit the center are thicker than either the protruding portion of the silver 



S. Parts of “Diai-tor* 
Hiicostatie Stacks 
Courtesy n{ Giucrul Elv.'trit ( ;;/>i puny 


buttons or the insulating spacers, and therelore act as fulcrums on 
Vhich the resistance plates may be tilted. Small fins, protruding from 
the top and bottom of the metal contact plates, fit into slots cut in 
the edges of the resistance plates, locking them in position. The metal 
contact plates also form the electrie contacts between the resistance 
plates, making a resistance path for the current to flow through at 
the center of the stacks when the rheostat is in the maximum resist¬ 
ance position. It should he noted that there is no electric contact 
between these metal contact plates themselves, since they are sepa¬ 
rated by the resistance plates. 

The top plate of each stack is made of metal to act as a contact 
plate for the complete stack. The bottom resistance plate of each 
stack rests on a copper bracket, which serves as a contact plate and 
forms a circuit to the adjacent stack. All stacks are connected in series. 
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Operation consists of a slight motion of the armature, when the 
voltage* deviates, which moves the lever and linkage operating the 
rheostatic element and tilts the stacks slightly, one way or the othei^ 
The manner in which this tilting action changes the resistance is as 
follows: 

When the stacks are tilted back so that the front ends of the plates 
are separated, the rheostat is in the high or maximum-resistance 
position, as shown in Fig. 9A. The current path is from the metal 
contact plate at the top, down through a silver button to the top 
resistance plate, and then down through the center of the stack through 
the alternate resistance and metal contact plates. At the bottom of 

f 




A Ihtfli-rrsistum'r position B Nlrdinui-rrM'i.tiK t position ( I ,o\v M sistiiiu r position 

Fig- •>. Paths o! Currt-iit through Uhrostatu Stack 
(.'ourtcMj of (Irnrral 1'Jn trit (ompanr/ 

the stack, the current passes from the lowest resistance plate through 
silver buttons into the copper bracket, which forms the current path 
to the adjacent stack. 

II the stack is gradually tilted forward, its resistance* is gradually 
reduced. This change* is caused by a decrease in contact resistance* 
between the* resistance and metal plates at the center of the stacks as 
they tilt forward, combined with the progressive short-circuiting of 
the plates bv the silvt*r inserts (at tlu* front end of the plates) as thev 
come together. Fig. 9B shows the current path through the stack in 
medium-resistance position after the resistance of the upper part of 
the stack has been short-circuited by the silver buttons and only the 
lower resistance plates are effective. 

If the tilting action is continued, the resistance is gradually de¬ 
creased until in the extreme low-resistance position the silver inserts 
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form a continuous silver path, reducing the resistance to a negligible 
value. This can be seen in Fig. 9C. 

The basic difference between this rheostat and the carbon-pile 
compression type of rheostat is that the change in resistance is effected 
entirely by a tilting motion of the stacks, rocking from a metal-to- 
carbon contact to a silver-to-silver contact, instead of bv a change in 
pressure on the stacks. This tilting action requires only very slight 
motion and pressure from the operating device, which permits the use 
of a direct-acting mechanism and high accuracy in the regulator. The 
silver inserts provide a means for short-circuiting the entire rheostat 
in the low-resistance position, allowing operation of exciters up to 
fheir maximum voltage. All the resistance may be inserted or removed 
within a few cycles, or the resistance mav be varied slowly ill an 
infinite number of steps, depending on the required excitation change. 
This permits smooth voltage control over the entire range of operation. 

The fact that little pressure is required on the rheostat element 
permits the' use of a very sensitive voltage-control device. If high 
pressure were required, a large torque element with inherently high 
inertia and consequently slow operation would be' necessary. 

* (> iteration. The connections and method of operation of the com¬ 

plete regulator are pictured in Fig. 10. The alternating-current po¬ 
tential is connected through a voltage-adjusting rheostat (7) and 
permanent resistor ( >) to a rectifier (2). The* rectifier supplies direct 
current to the main coils (6*) of the voltage-sensitive electromagnet. 
Armature (<S), trying to align itself with the pole pieces, product's ail 
upward force on the operating rod (70), which force is opposed and 
balanced by spring (9). Under normal conditions of alternating-cur¬ 
rent voltage all forces are balanced, and the armature is stationary. 

When a change in voltage occurs, the armature moves to a new 
position where its force is balanced by the spring, and in doing so it 
tilts the resistance plates, changing the resistance in the exciter field 
circuit so as to restore the alternating-current generator voltage to 
normal. 

The purpose of the stabilizer (4) is to damp out all undue oscil¬ 
lations and hunting. It will be noted that its primary is connected 
across the exciter armature and its secondary is in series with the 
voltage-sensitive coil of the regulator. Its action is as follows: If the 
exciter voltage is increasing (owing to regulator action caused by a 
drop in alternating-current voltage), a voltage appears temporarily 
across the secondary winding of the stabilizer due to transformer 
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action. This secondary voltage is in the proper direction to add to the 
voltage obtained from the rectifier, so that the voltage applied to the 
electromagnet winding is temporarily increased. This action tends to^ 
halt the original movement of the rheostatic element, thus preventing 
overshooting. Upon the exciter voltage becoming constant, no further 
voltage is introduced into the electromagnet circuit by the transformer 
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Fig. 10. Diagram of "Diactor” Voltage Regulator for A.C. (Generator 

Courtesy of General Electric Company 


action of the stabilizer. A similar stabilizing effect is produced when 
the exciter voltage is being decreased by action of the regulator. 

In an earlier model of the General Electric quick-acting rheostatic 
voltage regulator, an air dashpot was used to provide antihunting 
action, and a direct-current torque motor opposed by a spiral spring 
on its shaft was used as the voltage-sensitive element. Another model, 
known as the G-4 Voltage Adjuster, and intended for inexpensive 
applications, employed an alternating-current solenoid as the voltage- 
sensitive element and used a weighted lever to oppose the pull of the 
solenoid core. 
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Westivighouse “Silverstat.” This type of regulator was described 
in the preceding chapter in connection with voltage regulation of 
direct-current generators. For use on alternating-current generators, 
*the fundamental operation is the same, a full-wave Rectox (copper 
oxide ) rectifier being interposed between the voltage-sensitive element 



Fig. 11. Diagram of “Sil\ orstat" \ oltagf Regulator for 
A.C. Generator. (For Parallel Operation under Control 
of Individual Regulators, a Current Translormer and 
Compensating Resistor Are Used for Each Regulator, 

Connec ted as Shown bv Dashed Unes.) 

Courtesy of Wcstinghousr Electric and Manufacturing* Co. 

and the alternating-current machine so as to supply the regulator ele¬ 
ment with rectified direct-current voltage proportional to the alter¬ 
nating-current voltage. A schematic wiring diagram appears in Fig. 11. 

Parallel Operation. The foregoing direct-acting regulators, which 
do not use secondary relays controlled by a master coil (as do many 
types of voltage regulators), can be used to control only one exciter. 
In the case of parallel operation of generators, a separate voltage 
regulator is used to control each exciter, and the exciters are operated 
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nonparallel. In other words, each generating unit is independent of 
the others except for the final junction of the generator outputs at the 
bus bars. 

Independent regulation of alternating-current generators has one 
important advantage in that it can easily be arranged to equalize the 
power factors of the several generators and thus cause each machine 
to carry its share of the reactive kilovolt-amperes. When paralleled 
generators are operating under improper control, it is quite possible 
to have the engine governors so set that each machine is carrying its 
correct share of the load, but to have one generator overexcited and 
the others underexcited. In this case the overexcited generator may 
carry all of the reactive kilovolt-amperes and thus be overloaded even 
though the voltage at the bus bars be normal. 

To effect automatic control of the reactive current and the voltage, 
an action called compensation , a current transformer and compensat¬ 
ing rheostat are added for each regulator. See Figs. 10 and 11. The 
current transformer is connected in the middle phase with the poten¬ 
tial transformer across the two outside phases. The phase relations are 
then such that the regulator will reduce excitation when its generator 
produces more reactive current and vice versa. This action tends to 
divide reactive kilovolt-amperes between machines in proportion to 
their ratings and enables the regulators to properly control generators 
operating in parallel. For the usual range of power-factor, there is 
not sufficient droop in the \oltage caused bv the compensation to be 
noticeable'. 

Allis-Chalmers Rocking-Contact Type Voltage Regulators. This 
pioneer quick-acting rheostatic regulator, known as Allis-Chalmers 
Type A, B, or C, is based on Brown Boveri design and embodies 
several distinctive features. The regulator is suitable 4 for use in Diesel 
generating stations where* accurate voltage control is required in the 
face of sudden load variations. The distinctive features are: (a) the 
use of rocking contact on the rheostat taps, which greatly reduces 
friction; (b) control device, acting on the principle of an induction 
motor; and (c) an elastic recall device, consisting of a spring and a 
magnetic damper, whereby the regulator momentarily overregulates 
so as to obtain quick action and then immediately assumes a stable 
position. 

The mechanism of this regulator is shown in Fig. 12. The control 
device is in substance an induction motor used to produce torque 
instead of rotation. What corresponds to the rotor of an induction 
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motor is the thin hollow drum of aluminum C mounted on a spindle. 
The torque produced in the drum by the nirmit in the split-phase 
winding of the stator E is counterbalanced by springs /*’ and V. A 
sufficiently high resistance is connected in series with the stator wind¬ 
ing to prevent variations in temperature* and small variations in fre¬ 
quency having any marked effect on the constancy of the voltage 
which the regulator is set to maintain. 

The exciter field rheostat, which is an integral part of the regu¬ 
lator, is built in the form of a commutator. Tin* stationary contacts 
L, to which the taps on the regulating resistor G are connected, are 
concentric with the rotor shaft and arc grouped into two v>i four 


i 



commutators, depending upon the size of the regulator. Fig. 13 shows 
a regulator with four commutators. The inner surface of each com¬ 
mutator, facing the shaft, is heavily silvered and is provided with a 
V-shaped groove which serves as a guide for its rocking-contact sector 
S (Fig. 12). The moving sector has a graphite* contact surface and is 
moved by a steel needle point pivoting in a jewel cup. This jewel cup 
is supported by a leaf spring D which is mounted on the rotor shaft. 
Spring D not only presses the contact sector S against the commutator 
groove, but also serves to transfer every movement of the rotor shaft 
to the sector by moving its inner end through a small circular arc and 
causing the sector to roll in the commutator L, putting in or cutting 
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Fig. 13. Four-Sector Rocking-Contact 
Type Regulator 

Courtesy of Allis-Chalmcrs Manufacturing Co. 


out resistance. The latter is connected in series with the shunt field 
of the exciter, as shown in Fig. 14. 

This design of the field rheostat entirely eliminates gliding friction 
and replaces it by rolling friction which is so small that it can almost 
be neglected. All moving parts are made of aluminum. Therefore the 
inertia is small and as only small displacements are required to cover 
the whole regulating range, the moving system responds very quick]v 
to changes in voltage. 



Fig. 14. Wiring Diagram of Rocking-Contact 
Type Regulator 
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Because of the light weight and quick action of this regulator, the 
least drop in voltage causes the rotor to turn quickly into the extreme 
right-hand position and thus give maximum excitation. This over¬ 
regulation, if limited to a fraction of a second, is highly desirable 
since it helps to overcome quickly the magnetic lag in the exciter and 
the generator field. However, the overregulation must be stopped 
before the voltage is fully restored, otherwise the regulator would 
be unstable and would hunt continually from one extreme position 
to the other. This is accomplished by means of a damping system 
which consists of an aluminum disk O, Fig. 12, rotating between two 
permanent magnets A/. The disc is geared to the rack of an aluminum 
damping sector 7\ which can turn concentrically with the rotor shaft 
and is fastened to the drum C by a spiral spring. Thus the only cou¬ 
pling between the damping system and the motive system (rotor, shaft 
and sectors) is the spring, called the recall spring. 

Now as the rotor moves due to voltage change, a tension is pro¬ 
duced on the recall spring, since the damping sector /' cannot follow 
the rapid movement of the rotor because of the drag of the magnets 
M on the disk O. This tension allows the sectors to rock to an over¬ 
regulating position, but immediately thereafter, under the combined 
effect of the resulting correction in alternating-current voltage and 
the tension of the recall spring, the contact sector starts to return. If 
the recall device has been correctly adjusted to suit the time constant 
of the alternating-current generator and exciter, the contact sector will 
come to rest in a new position to give correct excitation for the new 
alternating-current generator load condition at the same instant that 
the alternating-current voltage has been restored to normal. The 
adjustment of the recall device consists of selecting a recall spring of 
suitable strength and locating the damping magnets A/ at the radius 
which gives the desired drag on damping disk O. 

In later designs, the recall spring, instead of being a spiral spring 
surrounding the main shaft, as shown at (Fig. 12), is a simple 
helical spring arranged in a radial position so that it can easily be 
interchanged. 

The method of operation may be summarized as follows: Assum- 
* ing the generator is fully loaded the contact sectors will take up a 
position like that shown in Fig. 14, in which a great part of the 
resistance is short-circuited. This position does not change as long as 
the voltage remains constant. A drop in load tends to raise the voltage, 
but the smallest increase is immediately followed by an increase of the 
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electrical torque so that the system becomes unbalanced. As a result 
the contact sectors are rocked until the mechanical torque, now in¬ 
creased by the torque of the recall spring, again equals the electrical 
torque. The resistance inserted in the field circuit by the rocking of 
the sectors is much in excess of what would be necessary to adjust the 
excitation to the new load condition. In this way the inherent inertia 
of the magnetic fields is rapidly overcome and the high voltage is 
reduced rapidly. The falling voltage, combined with the pull of the 
recall spring, causes the sectors to start rocking back at once. Mean¬ 
while the damping disk O has followed up the motion of the main 
rotor shaft, thus reducing the tension of the recall spring. The final 
vesuit is that the contact sectors stabilize in their new position at the 
same time that the voltage again becomes normal. 

There are two independent rheostats in the two-sector type regu¬ 
lator, and four rheostats in the four-sector type. If desired, these 
rheostats can be connected to different exciters, so that one regulator 
will control two or four generators simultaneously. However, in such 
cases, only the plant voltage can be controlled automatically, and the 
jyactive current (wattless current) must be distributed among the 
parallel-operating alternating-current generators by hand adjustment 
of the generator rheostats. Furthermore, the magnetic characteristics 
of the machines must he alike in order that they have the same 
rate of voltage build-up, otherwise the damping or stabilizing effect 
of the regulator cannot be adjusted to suit the several generating 
units. 

For these reasons it is desirable to use a separate voltage regulator 
for each unit. In this case the damping can be adjusted to bring out 
the best performance of each unit, and reactive current distribution 
can be made automatic by using current transformers to give cross¬ 
current compensation. 

Allis-Chalmers also makes somewhat simpler forms of rocking- 
contact voltage regulators for use in smaller installations. These are 
known as Type V and are constructed as shown in Fig. 15. The main 
differences between the Type V and Types A, B, C previously de¬ 
scribed are: 

1. The motive element is a solenoid instead of a torque motor. 

2. Damping is effected by an air dashpot instead of by a metal 
disk revolving between magnets. 

3. Only one sector and commutator is used instead of two or four 
pairs. 
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VIBRATING TYPE VOLTAGE REGULATORS 

Vibrating-contact voltage regulators are made in a vast variety of 
designs, some exceedingly simple, others quite complicated. The sim * 
pie types are often used with small high-speed Diesel generating units, 
whereas the more refined types are especially adapted to central 
station, municipal, and industrial Diesel generating plants of moderate 
capacity, and to Diesel power plants for office and apartment build¬ 
ings. They all operate by varying the strength of the exciter field, 
which in turn varies the generator excitation and thus the alternating- 
current voltage. 

The principle employed in vibrating regulators is to short-circuit# 
in a rapidly pulsating manner, a regulating resistor in the exciter field 
circuit. In other words, the regulator contacts act as a low-resistance 
shunt across the field resistor, and as the contacts vibrate they simul¬ 
taneously short-circuit the resistor. The ratio of the length of time 
the contacts are open to the length of time they are closed is con¬ 
trolled by the voltage-sensitive element of the regulator. This ratio 
of contact engagement for any short interval of time determines the 
average or effective resistance in the exciter field circuit during that 
interval. 

Because of the high sensitivity and the lightness of their moving 
parts, vibrating regulators are able to overregulate momentarily when 
the voltage changes, and in this manner to reduce the inherent time 
lag of the generator and exciter. For instance, if the voltage drops, 
the contacts arc*, lor a while*, kept closed longer than normal, thus 
quickly effecting a large increase in tin* exciting current. Obviously 
the overregulation must be only momentary, as otherwise the alter;, 
nating-current voltage would change too much in the other direction. 
This would cause* the regulator to act again, but in reverse, and would 
set up a continuous hunting action which of course would be highly 
objectionable. This hunting action is prevented by stopping the over- 
regulation quickly, thus giving the alternating-current generator volt¬ 
age a chance to respond before the regulator applies further vigorous 
measures. Different methods of producing the vibrating and anti¬ 
hunting action are employed in the various commercial forms of , 
vibrating regulators. 

Vibrating regulators are sensitive to external vibration in varying 
degrees, depending upon the unbalanced weight and the inertia of 
their sensitive moving parts. Therefore, regulators whose main con- 
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tacts are operated by the floating cores of solenoids must be so placed 
and so mounted that they will not be affected bv machinery vibrations, 
^tilting, etc. On the other hand, regulators employing a light vibrating 
armature are little affected by external forces, and some designs may 



Fig. 16. Construc tion ami Commotions of Hurlington “Synchrostat” 

Voltagn Regulator for A.C. Comrator 

Courtesy of Hurlmtfton Instrument Corp. 

even be mounted directly upon the generator which is being regulated. 
Such regulators are commonly used on packaged units and in portable 
applications. 

“Synchrostat” Voltage Regulators. In the “Synchrostat” voltage 
regulator, manufactured by Burlington Instrument Corp., the vibrating 
principle appears in its simplest form. Referring to Fig. 16, the regu- 
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lator consists of a laminated core A, voltage coil C and a spring steel 
vibrator V. Vibrator V is held under tension by voltage adjusting 
screw B, so that when the voltage coil is not energized, the vibrating 
contact V and the stationary contact S are pressed together to short- 
circuit the exciter shunt field resistor. 

Voltage coil C, which is connected to the alternating-current gen¬ 
erator, sets up a pulsating magnetic flux in core A corresponding to 
each alternation or half-cycle of generator voltage, that is, 120 times 
per second for 60-cycle frequency. The vibrator, being attracted by 
this pulsating magnetic force, also pulsates 120 times per second, 
opening the tungsten contacts each time the voltage wave reaches or 
exceeds a predetermined positive or negative value. By rapidly clos-' 



Fig. 17. Diagram Showing Ratio of Contact Engagement of 
Vibrating Voltage Regulator, for Normal A.C. Voltage 


ing and opening the contacts across the field resistor in this manner, 
a certain average resistance and average exciter voltage is maintained 
when the alternating-current load is constant. 

When the alternating-current load changes and the alternating- 
current voltage changes with it, the relative time interval the contacts 
are open or closed is controlled as follows: Referring to Fig. 17, curve 
A represents 1*4 cycles of alternating-current voltage. A' represents 
the negative half-cycles revolved into positive half-cycles for ease of 
explanation, since the vibration of the regulator vibrator is independ¬ 
ent of the direction of current in the alternating-current coil. The 
magnetic pull on the vibrator opens the contacts when the voltage 
rises to the point X on the left of each half-cycle. When the alter¬ 
nating-current voltage decreases to some point Y on the right side of 
the half-cycle, the magnetic pull is low enough to permit the vibrator 
to be pulled away from the coil by the pull of the spring, and the 
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contacts are closed. Using the zero-voltage line as a time indicator, 
it is seen that the heavy sections represent time during which the con¬ 
tacts are closed, and the dotted sections represent the time when the 
contacts are open. 

In Fig. IS a similar curve show s what happens when the voltage 
decreases. Points X and Y remain at the same voltages as before, but 
there is less of the voltage wave above them. As a result, it will be 
evident from the diagram that the open period of the contacts has 
decreased relative to the closed period, and that consequently the 
average exciter field resistance has been reduced in order to raise the 
voltage to normal. 

It wall be noted from Fig. 16 that the voltage coil circuit includes 
a damping transformer. The function of this transformer is twofold. 



Fig. IS. Diagram Showing Ratio of Contact Engagement of 
Vibrating Voltage Regulator, for Low A C. Voltage 


First, it stabilizes the regulated voltage (prevents hunting) by in¬ 
creasing the potential on the voltage coil as soon as the exciter field 
current increases, thus anticipating the subsequent rise of alternating- 
current voltage after the magnetic lag has elapsed. (This stabilizing 
action is similar to that previously explained for the General Electric 
Diactor Regulator.) Second, the transformer increases the regulator 
action when the excitation is greater. The impulse set up in the pri¬ 
mary of the transformer (which is in series with the contacts) when 
the contacts open is proportional to the magnitude of the current in¬ 
terrupted. The impulse is reflected into the secondary of the trans¬ 
former and across the regulator coil. The effect of this voltage is to 
increase the closed period of the contacts with increased exciter cur¬ 
rent. When low power-factor loads are put on the generating unit, 
additional exciter field current is required over that required for unity 
power-factor load. Consequently, improved voltage regulation is ob¬ 
tained with low power-factor loads. 
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As indicated in Fig. 16, crosscurrent compensation for generators 
operating in parallel is effected by the common method of using a 
current transformer and a crosscurrent compensation rheostat in the ■ 
voltage coil circuit. 

A pair of contacts carrying direct-current tend to pit and build up 
respectively, if the current always passes through them in one direc- 



l'ig. IV). Schematic Diagram of WVstingliouse T>|k* UV-ACJ 
Vibrating Voltage Regulator 

('ourft'st/ of U/»<>«>»• Electric and Manufacttirinii Co. 


tion. For this reason the polaritv of the contacts on vibrating voltage 
regulators should be reversed daily. On the Synchrostat regulator the 
polarity is automatically reversed regularly when the regulator is in 
operation by means of a reversing switch operated bv a small motor. 

The sensitivity of this regulator is plus or minus two per cent. 

Westinghouse Type UV. The fundamental operation of the simple 
form of vibrating regulator originally developed by the Westinghouse 
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company for direct-current generators and known as Type UV-DG has 
already been explained in the preceding chapter. This type of regula- 
^ tor has been adapted for controlling alternating-current generators by 
adding a rectox rectifier. In this way the control element is actuated 
bv direct current whose voltage is proportional to that of the alter¬ 
nating-current line. 

Operation. Referring to the schematic diagram of Type UV-AG 
regulator. Fig. 19, a drop in alternating-current voltage reduces the 
direct-current voltage produced hv the rectox rectifier and weakens 
the attraction of the stationary and moving coils, causing contact C-2 
to close. This shunts the exciter main field rheostat and so increases 
\he exciter voltage, which in turn increases the alternating-current 
generator voltage. But the closing of contact C-2 simultaneously 
cause's more current to How through the antihunting coil R-2 located 
on the solenoid; this increases the attraction between the stationary 
and moving coils and causes contact C-l to open *jeteklv, thus pre¬ 
venting overshooting of the alternating-current voltage. The process 
repeats itself rapidly and produces a continuous vibration of the 
contacts. 

Westinghouse Type A. This is an old and well-known type of 
vibrating regulator for alternating-current generators which employs 
relays and is sometimes called a Tirrill regulator. The vibration is 
produced bv a separate vibrating relay whose contacts cause an in¬ 
terrupting action. The regulator illustrated in Fig. 20 is capable of 
controlling two exciters. The two upper large' coils are the main 
control magnet and the vibrating magnet, both of which operate the 
main contacts. Of the three smaller coils below, one is the vibrat¬ 
ing magnet relay and the others are the exciter rheostat-shunting 
relays. 

Operation. Referring to Fig. 21, which is a schematic diagram of 
a regulator with only one rheostat-shunting relay, the main control 
and vibrating magnets arc energized from the alternating-current bus. 
The cores of both magnets are attracted upward and, in conjunction 
with the spring and counterweights, actuate the main contacts into 
and out of engagement. The main contacts, in turn, control the shunt¬ 
ing relay or relays. 

The shunting contacts alternately open and close across the exciter 
field rheostat and the effective resistance of the rheostat is determined 
by the time of contact engagement, which in turn depends upon the 
alternating-current voltage applied to the main control and vibrating 
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magnets. For any effective resistance, there is a corresponding exciter 
voltage and, therefore, alternator voltage. 

The vibration is set up by the vibrating magnet relay, which is 
connected so that the closure of its contacts shunts a small portion of 
the resistance in series with the vibrating magnet, thus increasing its 
pull and opening the main contacts. The opening of the main contacts 
opens all relay contacts and inserts the full resistance in the vibrating 



Fig. 20. Westinghouse Type A 
Voltage Regulator Panel 

Courtesy of Westinghouse Electric and Manufacturing Co, 

magnet circuit, weakening the pull and again closing the main con¬ 
tacts. Thus a continuous vibration is set up. 

The rheostat-shunting relays and also the vibrating magnet relay 
are of the differential type, each coil consisting of two windings, one 
energized continuously and the other intermittently through the action 
of the main contacts. When one winding is energized, the armature 
is attracted to the fixed cores against the tension of a spring, thus 
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opening the contacts. When the differential winding is energized by 
the closing of the main contacts, it opposes and neutralizes the effect 
of the first winding, thus allowing the spring to close the contacts. As 
a result, the contacts of the differential relay are made to vibrate in 
unison with the main contacts. 

Where the number of relays required exceeds the capacity of the 
main contacts (the usual limit being three, one vibrating and two 
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Vo!logo Limiting Rheostat 
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Fig. 21. Schematic Diagram of Westinghouso 
Type AB Regulator 

Courtesy of W cstinghouse Electric and Manufacturing Co. 


shunting), a master relay is used which makes it possible to actuate 
as many as eight shunting relays from a single* control element. The 
master relay is also of the differential type similar to the vibrating and 
shunting relays. 

All relays are energized by direct current obtained from one of the 
exciters, as selected by means of transfer switches. 

Reversing switches are connected in the leads from the various 
relay contacts. Their purpose is to reverse the polarity across the 
contacts and thus minimize any tendency for one contact to build up. 
The single-pole disconnecting switches below the reversing switches 
are connected only in the shunting-contact leads and serve to discon¬ 
nect the regulator from the machine which it is controlling. 
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The distinctive features of this type of vibrating regulator are as 
follows: 


1. Quick action. 

2. Ability to force the field to the limit and hold it there indefi¬ 
nitely if necessary. 

3. Multiple-unit control, making it possible to control a number 
of units simultaneously from a single regulator. 

4. Individual shunting relays, making it possible to provide for 
unanticipated future machines by the addition of extra relays, within 
the limits of the regulator. 

The rated sensitivity of this regulator is within plus or minus 
0.5 per cent. * 


(?) Relay contacts arc of two kinds ns 
follows: For V and X relays an es¬ 
pecially durable contact material is 
used. For shunting relays, because of 
the greater wear and more frequent 
renewal required, silver is the standard 
material, but tungsten is available in 
special cases where preferred. 

(?) Tlie number of shunting ($) relays 
' dejiends on the number and size 
of machines controlled. One vibrating 
(V) relay required to forte and main¬ 
tain vibration m a maimer dependent 
only on the regulated AC. voltage. 
When more than three shunting relays 
are required on one regulator, one or 
more master ( X ) relays are used. These 
are connected between the main con¬ 
tacts and the shunting relays to relieve 
tin* main contacts of unnecessarily 
heavy duty. 

(?) Reversing switches art* provided for 
periodically reversing the polaritv 
of St. X and S contacts, thus prolong¬ 
ing the tune between maintenance 
periods. 



(7) Main contacts { St ) operated by the 
control coils which maintain a con¬ 
tinuous vibrating action, part time open 
anti part time closed. This vibrating 
action energizes the relavs and causes 
them to vibrate continuously. 



(?) Coils of control element art* ener¬ 
gized from the bus voltage through 
a potential transformer. 


(?) Regulating counterweights by which 
the regulated voltage may be ad¬ 
justed at installation to a value be¬ 
tween the taps on the external resistor 
as required. 


Fig. 22. WVstinghouse Vibrating Type 
Voltage Regulator 

Courtesy of Wes tin chouse Electric and 
Stanufailuring Co. 


(j) Dashpots with ports adjustable by needle valves. These dashpots permit installation adjust¬ 
ment so that the damping characteristics of the control element match the machine and load 
characteristics. 


(?) The compensating dial switch with which the control clement is biased for crosscurrent or 
line-drop compensation as required by the particular installation. 
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The various parts of this regulator, with their functions indicated, 
are shown in Fig. 22. 

General Electric Type TA. Like the Westinghouse Type A, this 
is also a well-known type of regulator for alternating-current gener¬ 
ators, operating on the principle of rapidly opening and closing a 
shunt circuit across the exciter field rheostat, it differs, however, in 
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that the vibration is produced entirely bv the direct-current circuit, 
and that the voltage-sensitive element comprises both alternating- 
current and direct-current control magnets. The main contacts float, 
i.e., both contacts are movable, one being controlled by the direct- 
current exciter voltage and the other by the alternating-current gen¬ 
erator voltage. 

A view of this regulator, with the various components indicated, 
is given in Fig. 23. The form shown contains a single shunting relay 
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and is suitable for controlling one exciter. Fig. 24 is an elementary 
diagram of the connections. 

Operation. The regulator consists fundamentally of two parts, a 
direct-current control system and an alternating-current control sys¬ 
tem which cooperate in determining the position and movement of 
the main (floating) contacts. The direct-current control system is 
simply a direct-current regulator having a main control magnet and 
relay magnet connected across the exciter mains, the contacts of the 
relay being arranged to shunt the exciter field rheostat. This operation 
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Fig. 2*4. Elementary Diagram of General Electric' Type TA 
Voltage Regulator 
Courtesy of General Electric Company 


maintains not a constant but a varying exciter voltage, the value 
varying in accordance with the demands of the alternating-current 
control magnet which is connected to the alternating-current bus, the 
latter magnet being the alternating-current portion of the regulator. 

The direct-current control magnet is responsive to exciter voltage 
and attracts downward a movable core attached to a pivoted lever, at 
the other end of which is a flexible contact. This is one of the floating 
main contacts. A differentially wound relay magnet is also connected 
to the exciter bus, one winding being permanently connected to the 
bus, while the other is arranged to be opened and closed by the float¬ 
ing main contacts. The relay contacts are connected across the exciter 
field rheostat. 
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The potential winding of the alternating-current control magnet is 
connected across the generator bus through a potential transformer. 
This magnet is of the ordinary solenoid type, having a laminated iron 
core which is attracted upward by the magnetizing force?. The core is 
attached to a pivoted lever, at the opposite end of which is mounted 
the lower main (floating) contact. 



* a 


'•{-RCVCRSING SWITCHES 


Fig. 25. General Klectrie Type TA Voltage Regulator for 
Controlling Several Generators 
Courtisy of General Electric ComjMiny 


It will be seen from the foregoing that the exciter voltage is con¬ 
trolled by the rapid opening and closing of the relay contacts. The 
value of the voltage depends upon the position of the alternating- 
current magnet core and lever arm, which is in turn dependent upon 
the value of the alternating voltage being held. 

At any constant load, speed, and power-factor, the alternating- 
current magnet core does not actually move, the regulator acting as 


155 




88 


DIESEL-ELECTRIC PLANTS 


a direct-current regulator maintaining the proper exciter voltage to 
give the correct alternating voltage. Should the power-factor change, 
or should a heavy load be thrown upon the alternator, the previous + 
exciter voltage will not give the correct alternating voltage. There¬ 
fore the alternating-current core will drop slightly. This forces the 
lower main contact against the upper main contacts, which in turn 
closes the relay contacts. This, as previously explained, causes the 
exciter voltage to increase. The travel of the alternating-current mag¬ 
net core will continue until the exciter voltage has reached a value 
corresponding to that required to give normal alternating voltage 
under the new conditions. The direct-current side of the regulator 
will then operate and maintain the exciter voltage of the regulator' 
at this higher value in order to hold again the proper alternating 
voltage. In cast; the load drops on the alternating-current generator, 
the reverse action takes place and the regulator maintains a lower 
exciter voltage, in order to give the correct alternating voltage. 

Tins regulator can also be arranged to control more than one ex¬ 
citer, the principle of operation being the same except that several 
shunting relays are used instead of one. The regulator appearance is 
then as shown in Fig. 25. 

COMBINATION RHEOSTATIC-VIBRATING VOLTAGE 
REGULATORS 

Automatic control of voltage on large alternating-current machines 
frequently involves field currents and rheostat capacities beyond the 
practical range of application of either the direct-acting rheostatic or 
vibrating-contaet types of regulators. The indirect-acting rheostatic 
type regulator, which uses a combination of rheostat movement and 
vibrating contacts, is especially adapted to large central station in¬ 
stallations where large, slow-speed exciters are used or where the rate 
of response to change in voltage on the field of the generator is slow. 
This type of regulator is adapted to three-phase instead of single-phase 
response and avoids the operating difficulties encountered with the 
continuously vibrating contacts of vibrating regulators when used for 
heavy field currents. In this regulator no motion occurs until there is 
a change in voltage. Then a combination of vibrating relay contact 
action and rheostatic regulation corrects conditions until the rheostat 
readies the correct position for the new load condition. 

The indirect-acting regulator with its accompanying high-speed 
relays and motor-operated exciter field rheostat is relatively expensive, 
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and its use is usually limited to the control of large and important 
machines. Two forms of this type of regulator are briefly described 
herewith. 



I. Notching contact wheel (1) 
constantly driven by contact motor 

. 2. Accelerating contact wheel (2) 

constantly driven by contact motor 

3. Raising accelerating contact (1L) 
controlling high-speed relays 

4. Raising notching contact (Rt) 
controlling motor-operated exciter field 
rheostat 

5. Adjusting balancing spring 

f>. Enclosed case, (.lass is easily 
removed for accessibility to regulator 
parts 

7. Magnetic damning device 

H. Lowcrmg notching contact (Li) 
controlling motor-operated exciter field 
rheostat 

9. Lowering accelerating contact 
(L-.’) controlling high-speed relays 

JO. Square studs present turning 
when making connections 

II. Lever arm connected to shaft 
of 3-phase torque-motor voltage-sensi¬ 
tive element 

12. Main contact arm travel-limit 
stops 

Fig. 26. Main Control Element, Gen¬ 
eral Electric Type GFA-4 Indirect- 
Acting Voltage Regulator, Front View 
Courtesy of General Electric Company 



1. Contact motor constantly driv¬ 
ing notching and accelerating contacts 
at four r.p.m. 

2. Studs for mounting regulator on 
switchboard panel 

3. Brush carrying current to notch¬ 
ing ami accelerating contact wheels 
(1 ) and (2) 

4. Notching contact wheel (1) con¬ 
stantly driven by contact motor 

5. Accelerating contact wheel (2) 
constantly driven l.»v contaet motor 

(i. Magnetic damping device re¬ 
quires no maintenance 

7. Voltage-sensitive element con¬ 
sisting of 3-phase torque motor me¬ 
chanically connected to main contacts. 
Torque motor averages 3-phase voltages 

H. Regulator mounted on small me¬ 
tallic base for permanent mounting 
on switchboard 


Fig. 27. Main Control Element, Gen¬ 
eral Electric Type GFA-4 Indirect- 
Ailing Voltage Regulator, Side View 
Courtesy of General Electric Company 


General Electric. The main components of this regulator, known 
as Indirect-Acting Type GFA-4, are a main control element shown in 
Figs. 26 and 27, with a motor-operated exciter field rheostat, and a 
relay panel with high-speed relays. The voltage-sensitive part of the 
main control element, which is the heart of the regulator, is a poly- 
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phase torque motor responsive to the average voltage of all three 
phases. A rotating cam contact wheel is used which gives the desired 
intermittent contact action without depending upon the direct-curren^ 
interrupter action that is employed in the vibrating-contact types of 
regulators. 

Two sets of contacts provide for separate operation of the exciter 
field rheostat for small changes, and of the high-speed accelerating 
relays for large changes. For small changes of voltage the first set of 
contacts functions by moving the motor-operated field rheostat to a 
new position, but as the engagement of the contacts is interrupted 
by the rotating cam, the rheostat is moved in short steps allowing 
sufficient time for the alternating-current voltage to be corrected be¬ 
tween steps. The greater the voltage change, the longer the time of 
engagement and the faster the motion of the field rheostat. If the 
voltage change is large enough, the second set of contacts comes into 
action. These? operate the accelerating relays which cut in or out all 
of the regulating resistance. The regulator acts rapidly when the maxi¬ 
mum rate of voltage correction is needed, the time required to close 
the accelerating contacts and to operate the accelerating relays being 
only 3 cycles or of a second. W hen the voltage is steady, the 
regulator contacts do not close at all. In this regulator the control is 
effected through varying the resistance in the exciter field circuit and 
therefore the exciter armature voltage is nonuniform. An individual 
regulator is required for each alternating-current machine to be con¬ 
trolled, and each alternating-current machine must have its own in¬ 
dividual exciter. 

Westinghouse. The Westinghouse company also builds a com¬ 
bination type of regulator known as Indirect-Acting Exciter Rheostatic 
Type BJ. This operates similarly to the General Electric type just 
described. The control element, however, consists of a solenoid coil 
which is energized by a direct-current voltage that is rectified from 
the three-phase alternating-current source being regulated. 

The rheostat is notched step by step to its correct position when 
normal alternating voltage has been closely approached, or when the 
load change is very slight. However, this does not appreciably affect 
the rate at which voltage restorations are made, since the notching 
process does not start until the alternating voltage has been restored 
to within a few per cent of its normal value. 

Under steady load conditions the regulator is in a state of rest, 
operating only when the necessity arises. 
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ELECTRONIC-TYPE VOLTAGE REGULATORS 

Electronic-type \oltage regulators differ fundamentally from the 
fheostatic and \ibrating-contact t\pes pi e\ lously descnbed. The elec¬ 
tronic type regulator itself is the source of the current for the exciter 
field, whereas m the other t\pes the current 1 or the exciter field is 
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Fig 28 Ward Leonard Type EF Electronic Voltage Regulator with Cover Open 

Courtesy of Ward Leonard Electric Co 
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produced by the exciter armature and is merely controlled by the 
regulator. The electronic type also differs from the others in that 
instead of using mechanical control mechanisms, a stream of electron^, 
having no inertia and no time lag provides the regulatory action. The 
advantage of having the regulator itself produce the exciter field cur¬ 
rent is that the rate of alternating-current voltage response is increased 
because the exciter field potential is not limited by the exciter arma¬ 
ture voltage. 

Ward Leonard Electronic Regulator. The Type EF Regulator 
built by the Ward Leonard Electric Company, which is one of the 
best known electronic types, is shown with cover opened in Fig. 28. 
The four electronic tubes used, VTA , VT-2, VTA, VTA, are resped- 
tivcly: a -01A tube which is the voltage-sensitive element, a -47 tube 
to amplify the detections, a grid-controlled rectifier tube, and a plain 
rectifier tube. Relays A, B and D under the glass cover are protective 
devices; contact bands 42 and 6 on the cylindrical resistor are used 
to adjust the antihunt action. 

Fig. 29 shows the elements of the circuit used, omitting the pro¬ 
tective and antihunting features. Tubes VT-3 and VTA constitute a 
full wave rectifier, supplied with alternating-current power through 
a transformer and delivering its direct-current output to the field of 
the exciter. One of these tubes is grid-controlled and thus adjusts the 
output of both rectifier tubes because of the electromagnetic coupling 
provided by the high inductance of their common load, the exciter 
field-winding. The grid bias on the grid-controlled tube VT-3 is con¬ 
trolled, through the grid transformer, by the amount of plate (anode) 
output of amplifier tube VT-2. (This tube and the condenser shown 
constitute a phase-shifting circuit.) The plate output of amplifier tube 
VT-2 is controlled, in turn, through the amount of negative bias volt¬ 
age applied to its own grid by the voltage drop in resistor RA. This 
voltage drop is proportional to the current flowing in resistor R-I, 
which in turn depends upon the plate output of tube VTA, the volt¬ 
age-sensitive element of the regulator. 

To understand the voltage-sensitive action of tube VTA it should 
be explained that the electron emission of a high-vacuum tube varies 
with the temperature of the cathode (filament). If the anode (plate) 
voltage is set high enough, so that all of the electrons emitted by the 
heated cathode are attracted to the anode, then the maximum possible 
current will flow in the anode circuit, and the current will vary with 
the cathode temperature. This is known as operating at plate saturation. 
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This principle is utilized to change the anode current of VT-I in 
accordance with changes in the alternating-current generator voltage. 
The cathode of VT-I is energized, through the control transformer, 
from the alternating-current voltage to be regulated. Consequently, 
anv change in alternating-current voltage immediately changes the 


AjC. GENERATOR O.C. EXCITER 

ARM. eld. RHEO. ARM. RHCO. ELD. 



Fig. 20. Elementary Circuit Diagram, Ward 
Leonard Tvpe EF Elec tronic Voltage Regulator 

Courtesy of Ward Leonard Electric Co. 


temperature of the thin filament of VT-I and in turn changes its anode 
current. 

Referring to Fig. 29, this regulating cycle may be briefly sum¬ 
marized as follows: 

1. Assume the alternating-current generator load decreases and 
the alternating-current voltage starts to rise. 

2. The voltage and temperature of the cathode of VT-I increase. 

3. The anode current of VT-I increases and the drop across the 
resistor R-I increases. 

4. The negative bias voltage on the grid of VT-2, which is the 
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voltage drop across R-2, increases and reduces the plate current 
of VT-2, thereby increasing its resistance. 

5. The phase of the grid voltage applied to VT-3 is altered in a 
direction to decrease the output of both VT-3 and VT-4. 

6. The shunt field current of the exciter is reduced, the alternating- 
current generator voltage is lowered and the system comes back 
to normal. 

“Field forcing” (previously explained) is a basic feature of the 
Type EF regulator. If necessary, the regulator may apply as much 
as 160 volts for a few instants to the field of a 125-volt exciter. The 
sensitivity is plus or minus one per cent, and the regulator acts one- 
half cycle ( l i L * 0 second) after any change in alternating-current volt¬ 
age. For sudden load changes up to 50 per cent of rated generator 
kva, voltage is restored to normal band within P/o seconds, provided 
the Diesel speed droop is kept within 5 per cent and the time constant 
of the exciter-generator combination does not exceed 3 seconds. 

Automatic protective devices cut out the regulator and return the 
generator to hand control in case of tube failure or short-circuit; 
protect the regulator itself against excessive alternating-current volt¬ 
age; and protect the insulation of the exciter field winding when the 
field current is rapidly reduced. 

One important precaution which must be observed in using this 
regulator is to allow fully five minutes* time to elapse to heat up the 
rectifier tubes before putting the regulator in control. 
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Two or more electric generators are said to be operating in parallel 
when the machines are electrically connected, or, in other words, when 
they are delivering current to the same set of bus bars. Parallel oper¬ 
ation permits wide flexibility in loading of generators and effects many 
"economies. Most Diesel electric plants containing more than one unit 
are arranged for parallel operation. 

DIRECT-CURRENT GENERATORS 

Shunt-Wound Generators. A simple example of paralleling direct- 
current machines is shown in Fig. 1, which illustrates the case of two 
shunt-wound generators, A and B. The voltmeter V, by means of a 
g double-throw switch, can be made to indicate the terminal voltage 
of either machine A or B . Assume generator A is in service and con¬ 
nected to the busses, its main switches being closed. To parallel gen¬ 
erator B with generator A, B is brought up to speed and its field 
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rheostat adjusted until the terminal voltage of B is the same as that 
of A. B s main switches are then closed, putting B in parallel with A. 
However, A will still carry all of the load, and B will run idle untile 
the voltage of B is further increased by means of its field rheostat, 
whereupon B can be given any desired part of the load. Since the volt¬ 
age of shunt-wound generators drops off with increase of load, it is 
evident that when a certain load is divided between the generators 
in a certain ratio, that ratio will be automatically maintained as long 
as the load remains the same. If, for example, because of a momentary 
speed change, generator A should start to take more than its share of 
the load, the terminal voltage of A would start to fall and would cause 
A to relinquish the additional load at once. 

If the shunt-wound machines have similar voltage characteristics, 
i.e., if the same increase in load will cause the same drop in voltage 
on both machines, they will divide the load in the same ratio regard¬ 
less of variations in the total load. If their voltage characteristics are 
not the same, some regulation of the field rheostats may be required 
when a change in load takes place. 

Compound-Wound Generators. The paralleling of compound-, 
wound generators is not as simple as that of shunt-wound machines 
because^ of the effect of the series fields. The latter have a marked 
effect on the voltage characteristics, tending to cause the terminal 
voltage to rise with increase of load instead of falling, as in the case 
of shunt-wound machines. Thus, if two (or more) compound-wound 
generators were to be connected in the simple manner of shunt-wound, 
the division of load would be unstable. If one machine should start 
to take more than its share of the load, its series field would be 
strengthened and its terminal voltage would increase. This, in turn/ 
would cause the same generator to assume still more of the load, 
whereupon its voltage would increase further. The effect would be 
rapidly cumulative and would finally result in the one machine not 
only carrying all of the load but also operating the other generator 
as a motor. For this reason, it is necessary to use an equalizer con¬ 
nection with all compound-wound generators operating in parallel. 

The purpose of the equalizer connection is to place the series fields 
in parallel so that any tendency of one armature to increase or decrease 
its load will automatically increase or decrease the load on the other 
armature. The equalizer connection should be of low resistance and 
should be located as shown in Fig. 2. Since the current flowing 
through each series coil is proportional to its resistance and is inde- 
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pendent of the load on any one machine, an increase of voltage on one 
machine builds up the voltage of the other at the same time, so that 
.the first machine cannot take all the load blit will continue to share 
it in proper proportion with the other generator (or generators). 

Compound-wound generators should first be adjusted to operate 
stably in parallel as shunt generators, that is, without the series fields, 
by proper brush setting. After that, the series fields may be adjusted 
by resistances or shunts so that the same full-load voltage is obtained 
on all machines and the load will divide properly at all intermediate 
loads. 


-BuS 



Two Compound-wound (.enrrators 

To obtain proper division of load between generators, the voltage 
characteristics, when plotted against per cent load, should be the 
same, or very nearly so. In determining the voltage characteristics, 
the change in speed of the Diesel engine with load should be taken 
into consideration. 

The shape of the voltage characteristic is dependent upon the type 
of generator, design, and adjustment. The amount of droop in the 
case of shunt generators can be changed somewhat by shifting the 
brushes or changing the strength of the commutating poles. However, 
the range of adjustment by these methods is limited by commutation. 
The voltage regulation of a compound generator may be changed by 
varying the strength of the series field. 
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From the point of view of good parallel operation, it is much better 
to have all generators flat compounded or even with a voltage charac¬ 
teristic that droops slightly with load. 

Actual connection diagrams for generators operating in parallel 
are more elaborate than the simplified diagrams in Figs. 1 and 2. The 
Westinghouse plan for connecting a 3-wire commutating pole 125- 



Fig. 3. Diagram of Connections lor Paralleling a Three-Wire 125-250-Volt 
D.G. Generator with a Two-Wire 240-Volt Generator 
Courtesy of Westinghouse Electric and Manufacturing Co. 


250-volt compound-wound generator with a 2-wire 240-volt generator 
is shown in Fig. 3. 

Direct-Current Generators Equipped with Voltage Regulators. 

For satisfactory parallel operation of direct-current generators under 
the control of individual voltage regulators, it is necessary to make 
provision for the proper division of the kilowatt load between the gen¬ 
erators. This is accomplished by means of compensation between the 
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regulators, which is obtained by the addition of a compensating wind¬ 
ing to the main regulating winding on each regulator. The compen¬ 
sating windings are energized by the drops across the commutating 
or series fields of the direct-current generators, or from shunts when 
such fields are not available. An adjustable resistor is used to adjust 


Generator Bus 


Gen. Circuit T 
Brecker ^ * 



~Qv) Voltage Adjusting Rheo. 


Fig. 4. Diagram Showing Compensating Windings on Voltage 
Regulators Controlling Two Paralleled D.C. Generators 
Courtesy of \V cstinghousc Electric and Manufacturing Co. 


the compensation as required by the characteristics of the individual 
, generators. 

Referring to Fig. 4, drawn specifically for Westinghouse “Silverstat” 
regulators, the compensating windings on the two regulators are cross- 
connected in parallel, which causes the two windings to have an oppo¬ 
site effect with respect to a given direction of current flowing through 
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them. Thus, a current flow introduced into this circuit in a given 
direction will, in one case, cause the compensating winding to aid 
the main regulating winding and, in the other case, oppose it. , 
The commutating fields on the two paralleled direct-current gen¬ 
erators are in series with their connections to the two compensating 
windings, points A and 73, Fig. 4. If generator No. 1 takes more than 
its share of the load, the increased current will create a greater voltage 
drop through its commutating field, causing a voltage difference be¬ 
tween points A and B, which in turn causes current to flow through 



Fig. 5. Schematic Connection Diagram of Regulators 
Controlling Two Paralleled D.C. Generators. (Show¬ 
ing direction of momentary current flow in compen¬ 
sating windings if generator No. 1 takes more than 
its share of load.) 

Courtesy of General Electric Company 


the circuit of the compensating windings. The direction of this current 
is such as to cause compensating winding on regulator No. 1 to aid 
the pull of the main regulating winding on that regulator, to cause the 
regulator to cut in field resistance, and to lower the voltage on gen¬ 
erator No. 1. At the same time compensating winding on regulator 
No. 2 opposes pull of the main regulating winding on that regulator, 
causing the regulator to cut out field resistance and raise the voltage 
on generator No. 2. The foregoing action causes the load to be shifted 
from generator No. 1 to generator No. 2 until the load is again prop¬ 
erly divided. 
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It will be seen that the compensating action functions to produce 
the same result as an equalizer bus connection that is used for divid¬ 
ing the load on paralleled compound-wound direct-current generators 
under manual control. Hence, when individually compensated regu¬ 
lators are used, an equalizer bus is neither required nor used. 

The same scheme of adding a compensating winding to the main 
regulating winding (i.e., the voltage-sensitive element) is employed 
when General Electric “Diactor” regulators are used to control direct- 
current generators operating in parallel. Fig. 5 shows the schematic 
connection diagram and indicates the direction of momentary current 
flow in the compensating windings if generator 1 takes more than its 
'share of load. For the sake of simplicity, this di igram does not show 
the stabilizing winding on the voltage-responsive electromagnet of the 
General Electric Diactor regulator. Actually, there are three windings, 
each with an independent function: 

1. The potential winding, which indicates the generator voltage. 

2. The stabilizing (or damping) winding, which prevents over¬ 
shooting and hunting. 

3. The compensating winding, which equalizes the loads carried 
by paralleled generators. 

ALTERNATING-CURRENT GENERATORS 

The process of paralleling alternating-current generators involves 
more steps than the paralleling of direct-current machines. In the ease 
of direct current, the equalization of voltage* between the incoming 
machine and the line is the important factor. In the cast* of alternat¬ 
ing current it is not only necessary to bring the generators to the 
• same voltage, but they must be of the same frequency and, most 
important of all, exactly in phase. In the case of alternating-current 
machinery, the process of paralleling is generally termed synchronizing 
because of the dominating importance of the two currents being in 
phase or in step with each other just before the main switches are 
closed. 

The importance of the phase relation becomes obvious if it is re¬ 
called that in a 60-cycle, 240-volt circuit the instantaneous voltage 
swings from 340 volts positive to 340 volts negative and back to 340 
volts positive every sixtieth of a second. Consequently, even though 
the frequency of an incoming generator is the same as that of the line, 
it is possible to make the unfortunate mistake of closing the main 
switch or circuit breaker at a moment when, for example, phase A of 
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the incoming machine is at the highest point of its positive voltage 
swing but phase A of the bus is at its greatest negative voltage The 
resulting effect would be equivalent to a sudden short-circuit of double i 
the normal voltage, and the instantaneous current may under certain 
conditions rise high enough to damage seriously the generators, trans¬ 
formers, and circuit breakers. 

The earliest commercial method of indicating synchronism, and 
the simplest, is the lamp method. It is still frequently used, and even 
where a more refined device known as a synchroscope (described 
later) is employed, synchronizing lamps are generally installed as 



Fig. f>. Lamp Method of Synchroniz¬ 
ing Single-Phase Generators 


well. The principle employed is illustrated in Fig. 6, representing* 
two single-phase generators, of which A is being started in order to 
synchronize it with B, which is already in service and connected to 
the bus. Since the generator speeds, and therefore their frequencies, 
differ, their electromotive forces will periodically change from a con¬ 
dition of phase coincidence to one of phase opposition, and likewise 
the flow of current through die lamps will vary from a minimum to a 
maximum. 

When the electromotive forces of the two machines are exactly 
equal and in phase, the current through the lamps is zero. As the 
difference in phase increases, the lamps light up and increase to a 
maximum brilliancy when corresponding phases are in exact opposi¬ 
tion. From this condition the lamps will decrease in brilliancy until 
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completely dark, indicating that the machines are again in phase. 
The rate of pulsation of the lamps depends upon the difference in 
^frequency. i.e., upon the relative speeds of the machines. 

When the fluctuations of the lamps become very slow, about one 
in two or three seconds, the frequencies of the two machines are 
almost the same; the switch may now be closed when the lamps are 
dark, since at this time the electromotive forces of the two machines 
are equal. The machines are now operating in parallel and will con¬ 
tinue to do so under all ordinary conditions, being held in synchronism 
by powerful electrical forces. 

Synchronizing in the foregoing manner is termed dark synchroniz¬ 
ing. It is also possible to use bright synchronizing in which case the 
lamps are connected diagonally across the line switch, as shown by 
the dotted connection of Fig. 6. Here synchronism is indicated when 
the lamps are brightest. 

Bright synchronizing is not in general use. The lamps glow through 
a wide range of voltage and it is rather difficult to ascertain the exact 
moment of synchronism by watching for the maximum brilliancy. 
A Where bright synchronizing is used, carbon filament lamps are to be 
preferred. These have a negative resistance coefficient, and their hot 
resistance is about half their cold resistance. Consequently, changes 
in voltage when the lamps are bright are more noticeable. 

For a corresponding reason, when using dark synchronizing (which 
is the common method), tungsten filament lamps are better. They 
have a positive resistance coefficient and their cold resistance is only 
about one-twelfth that when hot. Consequently, they glow down to 
low voltages and go out completely only when the voltage is close to 
•zero. 

The one objection to dark synchronizing is that there is a chance 
of one of the lamps burning out at the critical moment and thus 
giving a false indication. However, this possibility can be guarded 
against by using two independent sets of synchronizing lamps to¬ 
gether, or by checking with the indications of the synchroscope. 

When the voltage of the system is too high for direct use on the 
lamps, it is usual to place voltage transformers between the main 
circuits and the synchronizing lamps, as shown in Fig. 7. This figure 
also shows the connections for two independent sets of lamps. Note 
that each set indicates a different pair of phases. 

If the connections of either the primary or secondary of either 
transformer should be reversed from those shown in the diagram, 
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the indications of the lamps would be reversed; i.e., when the genera¬ 
tors are in phase, the lamps would burn at maximum brilliancy, and 
vice versa. 

In order to make certain that the lamps will be dark instead of 
bright when the machines are in phase, disconnect the main leads of 
the first generator at the generator and throw in the main switches 
of both generators with full voltage on the second generator. Since 



Fig. 7. Connections for Synchronizing Three-Phase 
(Generators 

Cottrtesy u/ WVstlnghouiP Electric and Manufacturing Co. 


both Machine circuits arc then connected to one machine, the lamp 
indication will be the same as when the main or paralleling switches 
are open and both machines are in phase. If the lamps bum brightly, 
the connections of one of the voltage transformer primaries or one 
of the secondaries should be reversed. 

Phase Sequence. In the case of polyphase machines, it is not 
only necessary that one phase of one generator be in synchronism 
with one phase of another generator but also that the sequence of 
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maximum values of voltage in the several phases be the same. The 
phase sequence must therefore be checked. The necessary connections 
^oy two three-phase generators are shown in Fig. 7. 

Connect the generators temporarily to their switches, but with the 
switches open, so that the phases of D will be in parallel with those 
of E. Connect synchronizing apparatus in any two phases. Test out 
the synchronizing connections with machine D running at normal 
speed and voltage, the leads disconnected from E at the generator 
and the paralleling switches closed. Having changed the synchronizing 
connections, if necessary, so that both sets of lamps will be dark when 
indicating synchronism, open the paralleling switches, reconnect the 
R ads of machine E, and bring it up to normal speed and voltage. 
Then observe the two sets of synchronizing lamps. If their pulsations 
come together, i.e., if both sets are dark and both are bright at the 
same time, the phase rotation of the two generators is the same, and 
the connections are correct for paralleling the generators when the 
lamps are dark. If, however, the pulsations of the lamps alternate, 
i.e., if one is dark when the other is bright, reverse any two leads of 
one machine and test out the synchronizing connections again, chang¬ 
ing them if necessary so that they are the same when indicating syn¬ 
chronism. The lamps will now be found to pulsate together, and 
the generators may be thrown in parallel at the proper indication. 
Phase sequence thereafter need be checked only if some change is 
made in the wiring. 

Synchroscope. A synchroscope, Fig. 8, is an instrument that 
indicates the difference in phase between two electromotive forces 
at every instant. By its aid, the operator can see whether the incoming 
machine is running fast or slow, what the difference in speed is, and 
the exact instant that synchronism occurs. These conditions cannot 
be observed with certainty by the use of lamps alone. 

The synchroscope has a pointer which shows the phase angle 
between the incoming and running machines. This angle is always 
equal to the angle between the pointer and the vertical position 
marked on the dial of the instrument. When the frequencies of the 
two machines are equal, the pointer stops at some position on the 
scale, and when the machines are in phase, the pointer coincides with 
tlie marker at the top of the scale. 

In order to check the synchroscope connections, proceed in the 
same manner as previously described for determining whether lamps 
will be bright or dark for a given synchronizing connection. 
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The principle upon which a synchroscope works consists of im¬ 
pressing the rotating fields from the running and the incoming ma¬ 
chines upon a stator winding. An iron vane armature, free to rotat^ 
upon a shaft, then takes up a position dependent upon the resultant 
value of the two fields, and this position or phase angle is indicated 
by a pointer attached to the armature shaft. Synchroscopes are not 
intended for continuous service*; as soon as the machines have been 



Fig. 8. WVstinghotisc 1 Synchroscope 


paralleled, the synchroscope switch should be opened to prevent 
overheating of the instrument and its resistor. 

Frequency-Matching. A simple method of bringing the incoming 
machine to the same frequency as the bus, preparatory to throwing 
in parallel, is to provide the Diesel engine governor with a speed- 
matcher . This consists of two special three-phase squirrel-cage induc¬ 
tion motors and a differential gear mechanism. The horizontal shaft 
of the differential gear mechanism acts through suitable gearing on 
the speed adjuster of the governor. One motor is connected to the 
bus and the other to the incoming machine, the first tending to 
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increase the engine speed and the second to reduce it. The speed- 
matcher may be put into operation either by a manual switch or by 
relay of an automatic synchronizer. Since the motors act in opposi¬ 
tion to each other, any difference in speed between the unit and the 
bus (and consequently the two motors) will cause the horizontal 
shaft of the differential gear mechanism to set the governor speed 
adjuster so as to bring the speeds parallel as nearly as possible. When 
the frequency of the unit and bus an* practically alike, both motors 
will be operating at the same speed; the shaft of tin* differential 
mechanism then will cease operation and remain stationary. After 
the frequencies have been thus matched automatically, it is ot course 
fiecessarv, before closing the main switch to put the incoming ma¬ 
chine in parallel with the bus, to see that their voltages are approxi¬ 
mately equal and also to wait until the synchronizing lamps or 
synchroscope shows that the machines are exactly in phase. 

Automatic Synchronizing. Of late years, automatic devices to 
synchronize and parallel an incoming generator with the bus have 
come into wide* use. These devices vary widely in character from 
simple controls costing about fifty dollars and adapted to small Diesel 
electric units, to complicated arrangements of relays and electronic 
tubes costing fifteen hundred dollars or more, designed for plants of 
the largest size*. However, in one respect, all automatic synchronizers 
are similar; i.ev. they must be used with electrically controlled circuit 
breakers or contactors to connect the* machine to the bus. 

With an automatic synchronizer, the operator need only start the 
engine, bring it up to speed, and adjust the voltage, whereupon the 
synchronizer will do the rest. It eliminates the risk of high current 
find strain on equipment that is present in improper manual synchro¬ 
nizing and promotes quick paralleling, since the generator is connected 
to the bus the first time its frequency and phase position become 
identical with that of the bus. 

Simple Voltage-Coil Synchronizers. Typical of the simpler forms 
of automatic synchronizers is the Westinghouse Type XK, shown in 
Fig. 9, with cover removed. Referring to the wiring diagram, Fig. 
10, it will be noted that the heart of the device is a transformer with 
three windings, one of which is connected to the generator and 
another to the bus; the middle winding is connected directly to the 
coil of the synchronizing relay. When the incoming generator ap¬ 
proaches synchronism with the alternating-current bus and then comes 
in phase with it, the automatic synchronizer relay closes its contacts. 
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These contacts are set to close within the zone in which the frequency 
of the incoming generator is between 97 per cent and 103 per cent 
or less of the frequency of the alternating-current bus. More pre¬ 
cisely, the device operates when the instantaneous voltages on the 
windings connected to the generator and bus remain equal for a 
longer period than the time lag due to magnetic hysteresis; this is the 
cast 1 when the frequencies agree within 3 per cent. The closing of 
the relay contacts, in turn, causes the closing of the generator main 
contactor or breaker. 


AC BUS 



Fil». II, Diuj^ram Showing Construction and Connections of 
Automatic Synchronizer 

Courtesy of Electric Machinery and Manufacturing Co. 


The generator contactor or breaker must be of the fast-closing 
type (5 cycles or less on a 60-cycle basis) and must be equipped with 
a sealing interlock, that is, an auxiliary contact which closes when 
the breaker closes and, being connected in parallel with the syn¬ 
chronizer contacts, insures a complete closing operation of the main 
breaker. The application of this device is generally limited to gen¬ 
erators rated 250 kva, 600 volts or less. 

Another simple automatic synchronizer is that built by the Electric 
Machinery Manufacturing Company and shown diagrammatically in 
Fig. 11. The laminated core carries two voltage coils, A and B. Coil 
A is connected to the incoming generator, while coil B is connected 
to the bus. The magnetic force due to the bus current in coil B keeps 
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the synchronizer armature closed and the contacts open, as shown in 
the figure. When the incoming generator voltage is built up, coil A 
is also energized, but the contacts still remain open. Finally, when 
the generator frequency comes within 3 per cent of the bus frequency, 
the armature drops open (closing the synchronizer contacts) at the 
first coincidence of similar phases. 

Burlington Automatic Synchronizer , Type SN. This device employs 
electronic tubes instead of magnetic coils to indicate phase coin¬ 
cidence. Referring to the elementary circuit diagram, Fig. 12, the 
fundamental parts are: impedance Z for completing a circuit across 



a pair of circuit-breaker contacts in one of the phases; rectifier tube 
VT-1 for changing the alternating current to unidirectional current; 
controller C for controlling the rate and quantity of current flowing; 
grid-controlled discharge tube VT-2 for passing a relatively heavy 
current; and relay R for closing the contacts which operate the circuit 
breaker B. 

When the incoming machine is operating and is close to proper 
frequency and voltage, an oscillating voltage appears across contacts 
X and Y in phase 3, the magnitude of which varies from a maximum 
which is the sum of the voltages of incoming machine and bus to a 
minimum corresponding to the difference between the voltages of 
the incoming machine and the bus. The frequency of this oscillating 
voltage is often termed slip. 


ITS 



parallel operation 


III 


This oscillating voltage is impressed across the rectifier VT-1, 
which passes unidirectional current and places a negative bias voltage 
on the grid of VT-2. Prior to reaching the grid, this current goes 
through the control device C and is stored there for a definite length 
of time after the rectifier has stopped passing current. When the 
oscillating frequency, or slip, is low, and when the voltage difference 



Fig 13 Burlington SV-l S\mlm>ni/<*r, 
with Cover B< mow d 

Court* stf of Burlington lustrum* nt C orp 


is low, the grid of VT-2 loses its negative potential, and a heavy dis¬ 
charge takes place between its plate and filament. The relay R then 
p operates to close the circuit breaker. 

The time constant of this synchronizer can be adjusted so that 
the closing takes place at any desired slip frequency from 0 to 10 
cycles per second. With large circuit breakers having considerable 
inertia, the action should be limited to a maximum slip frequency of 
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less than one cycle per second, whereas with small circuit breakers 
the permissible slip frequency is 2 or 3 cycles per second. 

Since the only moving part is the relay armature which is actuated 
by heavy current, the operation of this type of synchronizer is little 
affected by temperature, dust, moisture, or vibration. A view with the 
cover removed appears in Fig. 13. 

Electronic Synchronizers Using Time-Delay Relays. The General 
Electric and Westinghouse companies both build a more complicated 
and expensive type of automatic synchronizer which is used in large 



Fig. 14. Westinghouse Type XT Automatic Synchronizer, 

Showing Tubes 

Courtesy of Westinghouse Electric and Manufacturing Co. 

plants where accurate, reliable, and positive operation is required. 
A view of the Westinghouse Type XT Automatic Synchronizer, with 
cover removed, is shown in Fig. 14. 

This type of synchronizer gives the closing impulse to the circuit 
breaker slightly in advance of synchronism in order to effect closure 
of the breaker contacts at the instant of zero phase displacement or 
exact synchronism, regardless of the amount of frequency difference, 
unless this amount is excessive. If the frequency difference is exces¬ 
sive, the closing indication will not be given. The angle of advance 
at which the relay functions is proportional to the slip frequency. 

Two interlocked relays having different closing characteristics 
actuate these devices. Relay A closes its contacts at a definite phase 
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angle in advance of synchronism, while relay B closes its contacts 
at a definite time (equal to the circuit-breaker closing time) in ad¬ 
vance of synchronism. If relay A operates soon enough before relay B, 
the frequency difference is not excessne; and when relay B operates, 
the closing impulse is given to the ciicuit breaker. On the other hand, 
if relay B operates before A (because the frequency difference is 
e\cessi\e), another relay drops out and piexents the closing impulse 
being given to the circuit breaker. These de\icis comprise various 



Fig. 15. Allis-Chalmers Synchro-Operator 

Courtesy of Allis-Chahners Manufacturing Co. 

other relays, and also rectifiers, electronic amplifiers, etc., to insure 
accurate and dependable operation. 

It should be understood that before these automatic synchronizers 
go into action it is necessary to bring the incoming unit to correct 
speed, either manually or by automatic frequency-matching equip¬ 
ment, as described in this chapter. 

Allis-C hahners “Synchro-Operator.” This comprehensive device, 
shown in Fig. 15, combines the two functions of automatic frequency- 
matching and circuit-breaker closure, and in addition gives a visual 
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indication of the phase angle which can also be used with manual 
operation in place of a synchroscope. It uses high-torque solenoids 
which control silver-to-silver contacts, no electronic tubes being em-^ 
ployed. The difference in phase angle is shown by the tip of the 
pointer, the top-center position being the point of synchronism. A 
rotation of the pointer in a clockwise direction indicates that the 
incoming machine is faster than the machines on the bus, and vice 
versa. This rotational movement operates the frequency-matching 
contacts which send electrical impulses to the speed-adjusting motor 
on the engine governor in a direction to equalize the frequencies. At 
the same time, the phase angle is measured; when this is approaching 
synchronism, the contacts which operate the circuit breaker are* 
automatically closed at an advanced phase angle proportional to the 
frequency difference between the machine and the bus so as to allow 
for the time required for the breaker to close. For frequency differ¬ 
ences greater than the safe value, the circuit breaker is not closed. 
After the breaker is closed, the device is automatically disconnected 
from the circuit. The operator must then adjust the governor of the 
incoming unit so that it takes the desired amount of load. j 

An interesting refinement is that the impulses to the governor 
speed-adjusting motor are not sent bv the frequency-matching contacts 
until after the point of synchronism has been passed; lienee the gov¬ 
ernor speed setting will never be changing just before or after the 
circuit breaker closes. The latter might cause an undesired shift in 
load to or from the incoming machine. 

One Synchro-Operator xnav be used with anv number of gen¬ 
erators by adding auxiliary relays. 

Adjustment of Field Current in Parallel Operation. An alternate 
ing-current generator operated in parallel with one or more other 
generators may have its excitation varied through a fairly wide range 
while delivering the same kilowatt output at rated voltage. A change 
in field current under these conditions changes the power factor of 
the generator. The field current mav be set at its rated full load value 
for all loads or it may be varied, depending upon the need for reactive 
kilovolt-amperes. If the field current is increased, the generator 
furnishes reactive kilovolt-amperes to the system and thus relieves 
the other generators of part of their burden. No change in kilowatt 
output can be effected hv variation of the field current. This can be 
accomplished only by changing the setting of the engine governor. 

The field current should he adjusted so that each generator (if 
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the units are of equal rating) produces the same amperes as well as 
the same kilowatts. This would show that they are operating at the 
same power factor. 

Operation with field current lower than the value which gives 
rated power factor should usually be avoided since this imposes 
additional load in reactive kilovolt-amperes on the other generators. 
In addition it reduces the ability of the machine to stay in step with 
the system and may result in its being pulled out during periods of 
heavy load. 

Automatic Compensation of Reactive Current. When generators 
operating in parallel are equipped with individual voltage regulators, 
their power factors can be equalized automatically by connecting a 
current transformer in each regulator control circuit in such manner 
that the regulator will reduce excitation when the generator product's 
more reactive current. Such control of the reactive current is some¬ 
times called crosscurrent compensation. It does not require any addi¬ 
tional winding on the voltage-sensitive element of the regulator in 
contrast to the separate compensating winding required on voltage 
regulators for direct generators in order that their loadings may be 
‘equalized. 

The compensating action may be followed by referring to Fig. 16. 
It will be seen that the current transformer is connected across the 
compensating rheostat, which in turn is in series with the potential 
transformer that operates the regulator. It is important to note that 
the current transformer is connected in one generator lead, while the 
potential transformer is connected to the other two leads. The phase 
relations are then such that the voltage drop across the compensating 
jheostat tends to add to the alternating-current potential on the 
regulator for lagging reactive kva output of the generator and sub¬ 
tract for leading reactive kva output. This influences the regulator to 
reduce excitation for lagging current (overexcited generator) and 
increase excitation for leading current (underexeited generator). This 
action tends to divide the total reactive kva load among any number 
of machines in proportion to their ratings and enables the regulators 
properly and automatically to control generators operating in parallel. 

Should it be desired to obtain unequal division of reactive current 
' among generators operating in parallel, this can be obtained by 
adjustment of the compensating rheostats. 

This method of crosscurrent compensation tends to introduce a 
slight droop in the voltage held bv the regulators as the reactive- 
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current loading on the plant is increased. The amount of droop also 
increases with the amount of resistance used in the compensating 
rheostats. However, the effect upon plant voltage is usually negligible 
for load and power-factor conditions encountered in practice. 

On some applications there may be reactance connected in between 
two paralleled alternating-current generators, this reactance being in 
the form of a power transformer bank, bus reactors, etc. If each gen- 



Fig. If). Wiring Diagram of Voltage Regulator Showing Connections 
tor Crosscurrent Compensation 
Courtesy of General Electric Company 


erator is excited by an individual nonparalleled exciter under control 
of an individual regulator, and if the reactance is such as to provide 
from 4 to 6 per cent reactive* drop between the two generators, stable 
operation can usually be obtained without using crosscurrent com¬ 
pensation between the regulators. This is due to the fact that the 
reactance produces an effect similar to that obtained where cross¬ 
current compensation is used. 

Excitation Systems, Using Voltage Regulators. Some alternating- 
current voltage regulators are designed to control only a single gen- 
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erator, while others, such as those of the relay type can, if desired, 
be arranged to control the voltage of several generators operating in 
parallel. The manner in which voltage regulator control is employed 
in the three excitation systems most often used in Diesel-electric plants 
is explained in the following paragraphs. 

Unit Exciters with Individual Regulators. The unit system consists 
of an individual exciter and regulator for each alternating-current 
machine. The exciters are operated nonparallel as shown schematically 
in Fig. 17. With this method, the voltage of each alternating-current 



Fig. 17. Diagram Showing Individual Hrgulators for 
Two Generators Operating in Parallel 

Courtesy of General Electric Co. 


machine is automatically and independently controlled by its own 
regulator, and the division of reactive kilovolt-amperes among ma¬ 
chines is automatically controlled by alternating-current compensation 
of the regulator from a current transformer in the manner previously 
described. With this system, there is no problem of load division 
among exciters, as each operates independently. 

Unit Exciters with Common Regulator. Each alternating-current 
machine field is excited from an individual exciter (operated non¬ 
parallel), and all are controlled from a single regulator. A diagram of 
this scheme is given in Fig. 18. 

If the regulator is of the vibrating type, each exciter is controlled 
by a separate relay which shunts that exciters field rheostat, and 
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all the relays are controlled simultaneously from the single regulator 
control element. 

If the regulator is of the rheostat type, each exciter is controlled^ 
by a separate rheostat in the exciter field circuit, and all the rheostats 
are operated simultaneously from the single regulator control element. 

With this method, the regulator provides completely automatic 
control of alternating-current voltage, hut division of reactive kilovolt¬ 
amperes among alternating-current machines and load division among 
exciters requires manual control. Manual control consists of adjust- 



Fig. 1H. Diagram of a Single Regulator Controlling Two 
A.C. Generators Operating in Parallel 
Courtesy of General Electric Co. 


merit of the exciter-equalizing rheostats, the main generator-field rheo¬ 
stats, or both rheostats combined. 

Common Exciter Bus and a Common Regulator. The alternating- 
current machine fields are excited in parallel from a variable-voltage 
exciter bus supplied by one or more exciters. All of the alternating- 
current machines are controlled from one regulator, with the appro¬ 
priate number of relays or rheostats applied to each exciter-field 
circuit. This scheme is shown diagrammaticallv in Fig. 19. 

The alternating-current bus voltage is under full-automatic control 
of the regulator. The division of reactive kilovolt-amperes among 
alternating-current machines in parallel is controlled manually by 
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adjustment of the main generator field rheostats. Division of load 
among exciters operating in parallel is controlled manually by adjust¬ 
ment of the exciter-field-equalizing rheostats, as shown in Fig. 19. 

The unit system of excitation with individual regulators has many 
advantages, such as completely automatic control of reactive kilovolt¬ 
amperes as well as voltage, lower rheostat losses, increased generator 
efficiency, simplified synchronizing and elimination of exciter parallel¬ 
ing difficulties. On the other hand, the cost of individual regulators 



Fig. 19. Diagram of a Single Regulator Controlling 
Two Paralleled Exciters 
Courtesy of General Electric Co. 


for each machine, especially in small-sized plants, may be greater than 
that of a single regulator capable of controlling all the machines. 

Coordination of Engine and Generator Characteristics, In order 
for engine-driven alternating-current generators to operate in parallel 
successfully, certain characteristics of the units themse lves should be 
coordinated with each other. If this is not done there may be dif¬ 
ficulties in load-sharing, hunting in speed, excessive electrical cross¬ 
currents, etc. Such troubles will be avoided if the following require¬ 
ments are met: 

1. The speed regulation (speed droop) of the Diesel engines 
should be alike. That is, the per cent drop in speed for a given per 
cent increase in load, should be the same on all units. The drop in 
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speed from no load to full load may be only 2 per cent or less, but if 
it is the same on all units which are in parallel, the total load will 
divide between them in proportion to their ratings. 

2. The governors of the Diesel engines should be free from hunting 
and should bring the machines to a steady speed without delay. Any 
oscillation of the governors will result in a transfer of load back and 
forth between machines and a fluctuation of the voltages. 

3. The generators should be equipped with damper or amortisseur 
windings. These increase the synchronizing forces, reduce the fluctua¬ 
tions in rotor speed due to the engine firing impulses, and thus limit 
the crosscurrents. 

4. Voltage regulators should be provided with adequate crosscur¬ 
rent compensation. 

5. The total flywheel effect of each unit should be such that: 

a) During parallel operation the maximum periodic displacement 
of the rotor in either direction from the position of uniform rotation 
should not exceed 3 |\'U electrical degrees. 

h) The natural frequency of oscillation of the unit should differ 
at least 20 per cent from the frequency of any forced impulse of any 
of the engines operating in parallel. 

Small high-speed Diesel engines generally have ample flvwheel 
effect to meet these conditions, but care is needed in the case of slow- 
speed engines, particularly those with few cylinders. 

The critical frequencies to be avoided are as follows: 

1. For a four-cycle engine: particularly one-half the revolutions 
of the engine crank but also the revolutions of the crank. 

2. For a two-cycle engine: particularly the revolutions of the 
engine crank, but also two times the revolutions of the crank. 

A table of critical frequencies to be avoided follows. 


Critical Frequencies To Be Avoided 


Number 

of 

Cylinders 

1 Focii-Cycle Engines 

Two-Cycle Engines 

1st Order 
Frequency 

2d Order 
Frequency 

3d Order 
Frequency 

1 st Order 
Frequency 

2d Order 

F requency 

3d Order 
Frequency 

0 

0.5 n 

n 


n 

2 n 


3 

0.5 n 


1.5 n 

n 


3 n 

4 

0.5 n 

n 

2 n 

n 

2 n 

4 n 

5 

0.5 n 


2.5 n 

ii 

i 

5 n 

6 

0.5 n 

it 

3 n 

n 

2 n 

6 n 

8 

0.5 » 

f» 

4 n 

it 

2 n 

8 it 


n = Engine r.p.m. 
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For any given unit the natural frequency at which the rotor tends 
to oscillate can be changed by changing the flywheel effect, as shown 
by the following relation: 

35.200 nr^f 
r.p.m. \ WR- 

where F—natural frequency in periods or beats per minute 
r.p.m.—revolutions per minute. 

P r —kw output at synchronous speed corresponding to the 
torque exerted on the rotor per radian displacement. This 
is a constant furnished by the generator manufacturer, 
/—frequency of generator in cycles per second. 

W 71-—flywheel effect in lb-ft.- 

(The term radian , used to define P r , means the angle subtended 
by an arc of a circle equal in length to the radius of the circle. Angles 
are frequently expressed in radians in order to simplify mathematical 
formulas. The value of a radian is 57.29578 degrees.) 

The value of P, is approximately 3.2 times the kw rating of the 
generator, but varies somewhat with the speed and general design. 

Example. For a 60-cycle, 150-r.p.m., direct-coupled generator 
having a value of P r ~ 1,420, and driven by a four-cycle engine, the 
natural frequency must not lie between 60 and 90 periods per minute, 
or between 120 and 180 periods per minute. That is, the total WH 2 
(flywheel and generator) must not lie between 1,305,000 and 580,0CK) 
lb-ft.“, or between 326,000 and 145,000 lb-ft. 2 
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MANAGEMENT OF 
HYDROELECTRIC MACHINERY 


Introduction. This treatise is intended to convey to the opera¬ 
tor of a hydroelectric plant some idea of what his duties are, how to 
take care of his equipment and keep it in good running order and 
repair, and also how to determine whether it is run economically 
<<ir not. 

The service which a hydroelectric generating station can give 
depends to a great extent not only on the type of equipment hut on 
the manner in which it is maintained. Attention should he ealled 
to the minutest detail of construction; it is poor economy to install 
up-to-date alternators and turbines and try to protect them with 
inferior auxiliary equipment. One small defective relay may put 
alternator out of commission. 

The present trend of engineering is toward full automatic oper¬ 
ation and control, and the more up-to-date hydroelectric stations 
are being controlled by means of the audible type of supervisory 
control. This control, however, applies to the small generating 
station only; although it will be but a short time before any size 
station can be automatically and remotely controlled. By means 
of this type of supervisory control, practically any number of stations 
y»ay be entirely controlled over a single pair of wires, the same wires 
being also used for telephone service between the stations. With 
this system of control, the operators at the various stations are under 
the direct supervision of a central load dispatcher. By means of 
this control, code points may be arranged to signal the dispatcher 
the amount of water available in the forebay, the waterwheel gate 
opening, the position of the oil circuit breakers or the position of 
any other apparatus. The available working head of water is divided 
l into ten equal parts and the signals run from 1 to 10. The same 
applies to the gate opening. The position of the circuit breakers is 
also indicated either open or closed by means of signals. The water 
turbines and alternators can be started and stopped, load increased 
or decreased and the station paralleled with others, the dispatcher 
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knowing at all times what is being done. So sensitive is this control 
that stations of one machine only may be controlled automatically, 
no operator being required. 

The duties of an operator do not stop at merely starting up and 
shutting down the various machines, but include a thorough and 
periodical inspection of all main and auxiliary apparatus. The 
following list comprises practically all the duties of an operator: 

(1) Inspection of turbines and turbine auxiliaries, such as gates, governors, 
etc. 

(2) Oiling of the* above 

(.'}) Inspection of alternators and exciters 

(4) Oiling of the above * 

(5) Starting up the turbines, alternators, and exciters 

((>) Shutting down the above 

(7) Inspection of heat detecting apparatus on alternators 

(S) Hourly or half-hourly readings of all station meters 

(9) Daily inspection of all oil circuit breakers and open type discon¬ 
nects for excess heating and discoloration 

(10) inspection of transformer temperature and cooling medium, whether 
oil, water, or air 

(11) Inspection of all voltage regulators ^ 

(12) Inspection and charging of lightning arresters 

(13) Inspection of current limiting reactors 

(14) Inspection and recharging of storage batteries for solenoid control 
on oil circuit breakers 

(15) Care and inspection of all instruments, such as synchroscopes, fre¬ 
quency indicators, wattmeters, voltmeters, and ammeters 

(16) Frequent testing and checking of all the above instruments against 
known standards 

(17) Keeping plant and all equipment clean 

CARE AND MAINTENANCE OF ALTERNATORS 

The following instructions are for the proper care and main¬ 
tenance of alternators and auxiliary equipment. 

(1) The bearings should receive considerable attention. Most water-wheel 
alternators are of the vertical type and are therefore equipped with thrust 
bearings. The bearings are ell equipped with sight-feed oil cups, or else oiled 
under pressure by means of oil pumps, or, as in some cases, they are lubricated 
with grease under pressure. On some installations the bearings are equipped 
with telltales which indicate, by means of either audible or visual signals, the 
condition of the bearing at all times. When so equipped, the signal circuit should 
be tested at least once every shift. 

(2) The temperature of each alternator should be noted every hour when 
under load. The standard practice in most generating stations is to equip alter¬ 
nators with signalling apparatus as a protection against overheating and damage 
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to insulation. At certain spots in the stator (usually from 4 to 6) resistance 
thermometers or thermocouples are situated, those being connected to recorders 
which indicate the temperature of the incoming and outgoing air on a continuous 
chart. In addition to the recorder, alarm bells or lights are connected in the 
circuit to signal when any of the hot spots reach a dangerous temperature. 
The recorder and signal circuits should be tested |>eriodically. 

(3) The exciters should be kept clean, the commutators should be kept 
undercut, and the brushes should be kept loose in the holders and renewed when 
the brush pressure against the commutator falls below one and one-half pounds 
per square inch. 

(4) The voltage regulators should be kept clean and the contacts bright. 
The resistances should be regulated as outlined under the care ot voltage 
regulators. 

(5) All bus work and cables, pot heads, etc. should be kept clean and should 
be inspected from time to time to ascertain if there is any excess heating in any 
part of the system. 

(0) The air gap between the alternator rotor and stator and between tho 
exciter field and armature should be checked periodically to ascertain any wear 
of the bearings and that the revolving parts are properly centered. 

Troubles of alternators 

Some of the troubles encountered with alternators are the same 
as those of synchronous motors, since there is very little difference 
between the two machines, so that only those peculiar to alternators 
alone will be given here. 

Symptom 1-Alternator fails to build up 

Trouble (a) Prime, mover not up to proper .sfieed 

(b) Open circuit in alternator stator windings 

(On most alternators the stator windings are paralleled two or 
more times and therefore this trouble docs not show up unless 
the windings are series star connected. If delta connected, the 
alternator will build up on open delta.) 

(c) Open circuit in alternator field rheostat 

(d) Open circuit in rotor or field windings 

(e) Exciter not functioning 

Cause (a) (1) Gates not ofiencd enough or low water 

(2) Governor cutting off too soon 

(b) Short circuit which may have; caused one or more coils to burn out 

(c) Overheating of resistanees or damage by vibration or other cause 

(d) Connections between held coils broken or burned, or a burn out 
in one or more held coils 

(e) (1) Open circuit in exciter armature 

(2) Open circuit in exciter field 

(3) Open circuit in exciter field rheostat 

(4) Brushes not in contact with exciter commutator 

(5) Brushes not in proper position on commutator 
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Remedy (a) (1) Examine gates and water level. Adjust gates. Let more 

water in forebay 

(2) Adjust governor so as to allow prime mover to come up to 
maintain normal full speed 

(b) Remove coil which is open and replace with a new one 

(c) Test with a Megger, magneto, or lamp circuit to locate open sec¬ 
tion, jump the break or insert a new' resistance grid 

(d) Test out as outlined above and if only the connections are broken, 
reconnect. If field coil is gone, either replace with a new one or 
rewind the old. 

(e) (1) Test and repair as outlined in the text and illustrated by Fig. 

4 for parallel windings, and by Fig. 5 for series windings 

(2) Test with a Megger, magneto, or lamp circuit to locate open 
section, jump the break or insert a new r resistance grid 

(3) Test and jump the break in the resistance or renew the defec¬ 
tive section 

(4) Loosen brushes in holders. Renew brushes if short 

(5) Move brushes fonvard until the exciter builds up 

Alternator voltage fluctuates and alternator issues a sound which 
changes in volume 
Alternator hunting 

Unstable sj>eed of waterwheel due to some defect in the governor 
If a Westinghouse flvball governor is used, there should be very 
little trouble, as this is one of the best antihunting devices to be 
found. If, however, trouble is encountered and it is found to be 
in the governor, (1) clean out the dashpot and change the oil 
for a heavier grade if the dashpot. acts too freely or for a lighter 
grade if the dashpot has a tendency to be sluggish; (2) place a 
small quantity of fine oil on the various lever bearings; (3) look 
over the* pilot valve to see that it opens and closes on the action 
of the flvball; (4) see that the centering springs both have the 
same tension 

Practically the same procedure may be followed with other 
types of waterwheel governors. 

Symptom 3—One or more hot spot indicators register that the temperature of 
the alternator has reached the danger point 

Trouble Stator windings overheated 

Cause (a) Overload 

(b) Short circuit in stator windings 

(e) Rotor not in exact magnetic center w'ith respect to the stator 
(d) Low' power factor of load 

Rtvncdy (a) Reduce the load if possible. Start another machine if available 
(b) A short circuit in any winding or group will cause the insulation 
to be completely burned off the windings if left for any length of 
time. If noticed as soon as the heating starts, the insulation can 
be saved. If the alternator is badly needed, temporary repairs can 
be made by cutting out the defective coil or coils and connecting 
those adjacent to them in circuit. Care must be taken that the 
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I 

eoils so connected art* in their proper groups Mid that the polarity 
of the reconnected groups an* the same as before. 

(c) If the hearings become worn so as to allow the rotor to touch 
the stator core, the windings under the shortened air gap will 
heat up to a greater extent than those adjacent to thorn, with tho 
result that the wedges over the windings will become charred 
and the insulation scorched. If discovered in time, no real harm 
will be done. Changing the lira rings is the only practical method 
of remedying a fault of this kind. 

(d) If the load on the alternator is inductive, i.e., consists of induction 
motors, its rating is determined bv the power factor of those 
motors. For instance, if a 1(KM) kilovolt-ampere alternator is 
supplying an inductive load, the power factor of which is 80 
per cent, the alternator is fully loaded when delivering 800 
kilowatts. The only remedy in a cast* of th\s kind, if the inductive 
load at its rated power factor exceeds the rating of the alternator, 
is to reduce the load or start another alternator if available. 

Symptom 4-Alternator slows down when carrying load 

Trouble (a) Prime mover slows down 
(b) Overload 

Cause (a) Low water. Governor not functioning properly 

(b) If more than one* alternator is supplying tho bus, the overloaded 
alternator is supplying more than its share to the load. 

Remedy (a) Increase the volume of water to the turbine. Adjust, the governor 
so that it operates more quickly on change of load. 

(b) Adjust the alternator field rheostat so that the offending alter¬ 
nator is dividing the load equally with the others. 

Symptom 5-Voltage of all alternators fluctuates 

Trouble (a) Loss of excitation on one or more alternators 

(b) Prime movers alternately racing and slowing down 

Cause (a) (1) Open circuit in exciter circuit 

, (2) Open circuit in alternator field 

(b) (1) Not enough water in forebay 

(2) One or more governors not functioning 

Remedy (a) (1) Test out exciter external circuit, including the brushes, 
armature windings and field windings, as outlined under 
exciter troubles, under symptom 1, troubles (d; arid (f), also 
text following that table. 

(2) Test out the brushes and collector rings, also the field wind¬ 
ings of alternator, with a Megger or low voltage circuit 
(b) Cl) Open dam gates in storage reservoir 

(2) Oil and adjust governors to the proper alternator speed 

Symptom 6 -Voltage too low 

Trouble (a) Speed of prime mover too low 

(b) Excitation too low 

(c) Load too great 
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Cause 


Remedy 


(a) Lack of water. Governors not functioning properly 
(bj H ) Too much resistance in alternator field 
(2) Exciter voltage too low 
(<‘) Overloaded lines 

(a) Sjx'ed up primes mover by increasing the. amount of water to th 
turbines. Adjust governors for higher speed operation. 

(b) (1) Cut some of the resistance out of the alternator field circuit 
(2) Increase the voltage of the exciter or exciters by cutting 

out some of the exciter field resistance 
(o Reduce the line load or add another alternator to the system 


^Symptom 7—Voltage too high 

Trouble Pi) Speed of prime mover too great 
(b) Excitation too high 
Cause (a) Governors out of adjustment 

(b) Not enough resistance in series with alternator fields 
Remedy <u) Adjust governors for lower speed 

(b) Adjust fi«• 1 < 1 rheostats and regulators so that there will be more 
resistance in series with the alternator fields 


Starting of alternators 

The procedure to he followed in starting up an alternator is 
summed up in the following instructions. 

(1) Examine the bearings to see if there is plenty of oil, and that the oil 
rings are free to turn. 

(2) Make sure the alternator is disconnected from the main hits. 

(d) Start and bring tin* exeitcr up to speed, after which the voltage should 
be adjusted to normal. 'The above* applies only to machines excited from ex¬ 
citers driven by separate prime movers and not to those which are direct con¬ 
nected to the cxeiterd Kor direct connected types, the exciters are brought up 
to speed with the alternators and the exciter voltage adjusted before excitation 
is applied to the alternator. 

(4) Start the alternator slowly bv opening the gate to the turbine. Gradu¬ 
ally increase the speed until the alternator attains full speed, at which time the 
turbine is put on the governor. If the machine is of the vertical typo, see that 
the oil pressure gauges are indicating that oil is circulating the bearings. 

(Td Adjust tin* alternator field rheostat so that the proper amount of 
resistance is in series with the field as outlined in the ojionition and maintenance 
of voltage regulators. 

tt>) (dose the field switch, if manually ojMTated, which applies excitation 
to tin* revolving field of the alternator. If excitation is applied automatically, 
it will be applied through the operation of relays and hesitating coils at the proper 
moment. After the field switch is closed, if the excitation is manually applied, 
the alternator field rheostat should be adjusted for normal ojxTnting voltage. 
If the alternator field is supplied with automatic voltage regulators, the proper 
amount of excitation will he given if the hand field rheostat is adjusted as out¬ 
lined under the care of voltage regulators. If field excitation is applied auto¬ 
matically and voltage regulators an' supplied, the alternator voltage will be 
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adjusted automatically and will require no attention outside rf a casual inspection 
to assure that the automatic apparatus is functioning properly. 

(7) The main oil circuit breaker connecting the alternator to the bus 
may then be closed if only one alternator is operating. If an alternator is to 
he started and paralleled with one already running the following procedure should 
be noted. 

Cutting; in an alternator to a bus to which alternators already running 
are connected 

(1) Follow the procedure as just stated up to and including instruction 
No. G; only instead of the alternator voltage being normal, it must be exactly 
the same value as the voltage of the main bus. 

(2) Synchronize the incoming alternator with those running or \viih the 
*nain bus so that they are exactly in phase. (Sec voltage regulators.) 

(3) Close the circuit breaker on the incoming alternator, connecting it 
to the main bus and load. 

(4) Adjust the voltage of the incoming alternator so that no cross or cir¬ 
culating currents will flow between the various machines. 

(5) Adjust the governors of all prime movers and the \ ullage regulators 
of all alternators until the load is properly distributed between all the alternators 
in proportion to their size and capacity. 

Cutting out an alternator which is paralleled with others 

Hi Reduce the load on the alternator to be cut out by cutting down the 
speed of its prime mover so that it will carry the alternator at no load only. 

(2) Adjust the alternator field rheostat until the excitation and the current 
in the stator winding are at a minimum. 

(3) Open the alternator circuit breaker, disconnecting the alternator from 
the main bus. 

(4) Open the alternator field switch and bring the prime 1 mover to a stop. 
Note: The alternator field switch must never be opened before tin* circuit 

breaker connecting the alternator to the* bus is opened as this would cause a heavy 
current to flow between the stators of till the alternators. 

(5) Adjust the voltage on the remaining or running units if they are not 
provided with automatic regulators, as they will now he carrying all of tin; load. 

Field adjustments of alternators in parallel 

When the field rheostats of two or more alternators connected in 
parallel are not properly adjusted to give the amount, of excitation 
required by the characteristics of each machine to maintain the same 
voltage, cross or circulating currents will flow between the armatures 
or stators of these alternators. The intensity of this circulating 
current will vary as the difference in the excitation of the two ma¬ 
chines, and it will be zero when the proper amount of excitation is 
given up to full load current if one machine drops its excitation. 
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This circulating current raises the temperature of the windings and 
decreases the output of the alternators. One method of detecting 
these currents is by the readings of the ammeters. If the ammeter A 
readings are higher than normal and a check of the totalizing watt¬ 
meter shows that the load is no higher than normal, it is a sure indi¬ 
cation that circulating currents are flowing between the various 
machines. When the ammeters show the minimum readings for a 
given load, the cross or circulating currents are zero. 

Prevention of hunting 

Hunting describes the oscillations of the revolving masses of^ 
alternators when they are accelerated above and retarded below 
normal speed. When this condition becomes aggravated, the regula¬ 
tion of the alternators becomes unstable and may cause them to fall 
out of step with each other. For proper regulation it is necessary 
that all alternators be in step or in synchronism, i.e., they must all 
reach their maximum and zero values at the same instant. Failure 
to accomplish this condition may be due to low water, improper 
adjustment of governors, improper adjustment of regulators, or from* 
inertia of the rotating masses. 

To prevent hunting in water wheel alternators, the following 
metluxl may he employed: 

(. I Adjust the water turbine governor so that it acts instantly on load and 
water fluctuations. If the governor is of the dash pot. type, changing the oil or 
shortening the travel of the piston will remedy the fault. 

(2) Adjust the voltage regulators of the various machines. If all alter¬ 
nators have the same characteristics, the field rheostats should all be in the 
resistance out position, or nearly so. If the characteristics of the various ma¬ 
chines differ and one regulator is used for the control of them all, the resistance 
should be cut in the fields of those alternators taking the wattless current or 
which operate at low |M»wer factor, and those Of>erating at high power factor 
should have their field resistance all cut out, and those ofierating at intermediate 
power factors should have their rheostats adjusted slightly in the resistance in 
position. 

What to do when one or more alternators drop out due to an electrical 

storm 

In the event of an electrical storm, one or more or all of the 
alternators of a station may drop out. To prevent this occurrence 
as far as possible, current limiting reactances are usually connected 
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in series with each alternator; but even these may not prevent some 
or all of the alternators from dropping off the bus or line. In the 
^ase of automatically operated stations, the breakers will dose three 
times and if the trouble has cleared itself on the third dosing, normal 
operation is resumed. If, however, the breakers open for the third 
time, they have to be manually set by means of a pilot circuit or 
other means after the trouble is cleared. 

For resuming normal operation after a shut down due to the 
above cause where manual starting is necessary, the procedure de¬ 
scribed under starting and paralleling alternators must be resorted to. 

* 

What to do when an alternator looses its excitation 

If two or more alternators are paralleled and one of them drops 
its excitation, it will draw a heavy current in its stator windings from 
the other alternators, and at the same time a heavy current will be 
induced in its rotor or field winding. This current will be alternating 
and since the rotor and stator magnetic fields are not locked as 
normally when under excitation, this current will impose a heavy 
load on the alternator and tend to slow down its prime mover. The 
remaining alternators in order to carry their share of the load and 
that of the non-exeited alternator will impose a greater load on their 
respective prime movers, with the result that if the voltage regulators 
are connected with the turbine governors, the regulators will respond, 
open the valves, and speed up the remaining alternators. If this 
state of affairs persists for any length of time, not only the offending 
alternator but all of the alternators will heat up. 

As soon as a condition of this kind is apparent, the offending 
alternator should be shut down and the load adjusted so that the 
remaining alternators are not overloaded. The exciter circuit and 
alternator field circuit are then examined and tested for fault; when 
repaired, the offending alternator is again put into operation. 

CARE AND MAINTENANCE OF EXCITERS 

Since an exciter is a direct-current generator, it requires a con¬ 
siderable amount of attention if it is to function properly and give a 
maximum of service. Among the various points to consider in the 
proper maintenance of an exciter are: 
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(1) The bearings must not become worn; otherwise the armature will 
strike the pole pieces, tear the armature bands off, and heat up the armature 
and field coils. 

(2) The commutator must not be allowed to become grooved; since whei. 
grooved, the brushes will take the same form as the commutator and cut the 
grooves deeper. Grooving may be eliminated by increasing the end play of the 
armature and by staggering the brushes. In staggering the brushes, the brushes 
of unlike polarity should line up as shown in Fig. 1. Since the wear is at the 
positive brush, a negative brush should be parallel with it. The diagram shows 
the position of l sets of brushes, 2 sets of negative and 2 sets of positive. This 
arrangement not only prevents grooving but assures an even wear over the 
whole surface of the commutator, and eliminates the formation of ridges. 



Fir. 1 I’mpcr Method of St:iRRi*ri»R Brushes 
on n Commutator 


(3) If ridges form on the commutator, they should be removed by the use 
of a commutator stone or by a lathe cutting tool. A commutator stone will 
do the hotter job, and the armature does not have to be removed nor the exciter 
taken out of service. After smoothing the commutator by means of a stone, 
the brushes should be loosened in their holders, since they nearly always become 
wedged by the fine particles of eop|*r, mica, and stone dust, (."are must be 
exercised in using a commutator stone that too much pressure is not put on the 
stone. The stone should be held firmly either on a rest or on a set of brush holders 
toward which the commutator is turning and the stone allowed to swipe the bars 
as they pass under the stone. If care is not list'd in this respect, the commutator 
might become oval shaped, especially if slightly oval in the first place or if there 
are any burned or flat spots. 

(4) The mica should be undercut between all of the commutator bars. Un¬ 
dercutting a commutator eliminates high bars and singing and flashing at the 
brushes. Undercutting may bo done with a three-cornered tile, a piece of hack¬ 
saw blade or by means of the various power-driven undercutting tools. The 
commutator should never l>e cut deeper than from inch to J inch at any one 
time. 
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(5) The brushes should never be allowed to become so short that they 
barely touch the commutator, and they should have a pressure against the 
commutator of one and one-half pounds per square inch. Brushes should be 
of a grade that will not cut the commutator. It is much greater economy to 
replace brushes than it is to replace a commutator. The brushes, however, should 
not be too soft, since a soft brush will wear too fast and blacken the commutator 
and increase the resistance between the brush and the commutator. 

((>.'» The commutator should be kept a bright copper color rather than a 
deep chocolate color on account of the resistance mentioned above. 

(7) If a commutator stone is not available, the use of line sandpaper is 
recommended. (Caution: Never use emery paper or cloth.) 

Troubles of exciters 

The troubles that are likely to oeeur in a direct-current generator 
or exciter and their causes and remedies are found in Table 1. 

Repairing short circuits in exciter armature windings 

A short circuit in an armature coil will cause the coil to heat 
more than those adjacent to it. When located, a short-circuited coil 
inay be cut out and the exciter operated without it, the only effect 





Fig 2. Wrong Mfthotl of Commuting n 
Juniper in a Singlr-S^ries* Winding 


RJ4S6 76, 


T COIL HERE 

to mats 



Fig '1 CYirreri Method of Connecting a 
Jumper in a Single-Senea Winding 


being that the load rating is slightly decreased, (’are must be used 
in cutting out a coil, since the method varies with the type of winding. 

With a single parallel winding, a defective coil is cut out as shown 
in Fig. 2. First, the coil is cut at the back of the armature, as show n 
in the diagram. Next, the commutator bars to which the defective 
coil is connected is located by a lamp circuit or a magneto. When 
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TABLE I 

Troubles of Exciters 


Trouble 

Cause 

(a) Residual mag¬ 
netism destroy¬ 
ed 

(a) Residual mag¬ 
netism lost 
through non- 
use 

(b) Residual mag¬ 
netism reversed 

(b) (1) Reversed 
current through 
field coils 


(2) Earth’s 
magnetism 


(3) Proximity 
of another d.c. 
machine 


(4) Brushes 
shifted so that 
commutation is 
in the opposite 
direction 

(c) Short circuit in 
armature 

i.c) Carbon dust be¬ 
tween adjacent 
commutator 
bars or insula¬ 
tion of coils 
broken down 

(d) Open circuit in 
armature 

\d) Rough usage or 
original short 
circuit which 
may have burn* 
ed a coil or 
connection 


Symptom 


Remedy 


1. Exciter fails 
to build up 


a) Charge fields with another d.c. 
generator, or with a battery of 
dry cells; making sure the fields 
are connected for proper polarity. 

( b) (1) Connect fields for proper po¬ 
larity, run the exciter above rated 
speed if possible, short circuit the 
armature at the brushes, or tap 
the pole pieces with a hammer. 
Usually one of these methods will 
cause the exciter to build up. If, 4 
however, these methods fail, then 
charge fields with another d. c. 
generator or with a battery of dry 
cells. The polarity should be 
tested w ith a compass both before 
and after. 

(2) Connect fields for proper po¬ 
larity, run the exciter above rated 
speed if possible, short circuit the 
armature at the brushes, or tap 
the pole pieces with a hammer. 

(3) Connect fields for proper po¬ 
larity, run the exciter above rated 
speed if possible, short circuit the 
armature at the brushes, or tap 
the pole pieces with a hammer. 
Connect exciters so that their mag¬ 
netism is opposed and they do not 
affect one another. 

(4) Shift brushes in the direction 
of rotation, or back and forth 
until exciter builds up. 


(c) Clean the commutator. The pres¬ 
ence of this trouble w ill be denoted 
by flashing of the brushes, or by 
heating of one or more coils. Re¬ 
wind if insulation is gone. 


(d) Test out adjacent commutator 
bars and locate the trouble. 
Bridge the gap as a temporary 
expedient, insert a new coil, or 
rewind the whole armature. 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 


(e) Short circuit in (e) Dampness or 
fields defective insu¬ 

lation 


(e) Bake if former, rewind if latter. 
(Not*: ft abort-circuited field coil will 
be center than its neighbors, since its 
share or part of its share is imposed on 
the others.) 


(f) Open circuit in (f) Rough usage or 1(f) Kxamine field con motions and test 


field or field 
connections 


original short 
circuit which 
may have 
burned a coil o 
connection 


with a magneto or voltmeter, and 
if coil is open, rewind or replace it. 


|(g) Short circuit in (g) Collector rings ^g) Search for trouble by sectionaliz- 


external circuit i 


of alternator 
short circuited 
or short circuit 
in voltage regu¬ 
lator circuit 


ill) Fields opposed hh) (1) Field coils 


to each other 


of either a 
shunt or series 
exciter con¬ 
nected for the 
same polarity 


ing the exciter external circuit and 
removing the cause. In a case of 
this kind tl « exciter will try to 
build up an»i the brushes will flash 
at the commutator. If properly 
protected by fuses or a circuit 
breaker, the machine will clear 
itself from the line. A series- 
wound exciter will not build up. 

(h) (I) Change connections between 
field coils and tost w ith a compass 
for opposite polarity of adjacent 
coils. When adjacent coils show 
opposite polarity, the exciter 
should build up if this is the 
trouble. 

(2) Change polarity of either field, 
but don’t change the connections 
i of both, as the same trouble will 

| occur again. 


(2; Shunt and (2j Change polarity of either field, 

series fields of a but don’t change the connections 

compound of both, as the same trouble will 

wound exciter occur again. 

connected for 

proper polarity 

individually, 

but connections 

of exciter so 

made that they 

oppose or buck 

each other 

fi) Exciter running (i) Prime mover fi) Reverse direction of rotation of 
backward travelling in prime mover, or change the pol- 

wrong direction arity of exciter by changing the 

connections of the field of a shunt 
and series machine, or one field 
of a compound-wound machine. 
Never cross the belt on a belt- 
driven machine unless absolutely 

] necessary. 
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TABLE 1—Continued 
Troubles of Exciters 


Symptom 

Trouble 

Cause 

Remedy 

2. Arcing of ( 

brushes 

a) Brushes not ( 

diametrically 
opposite 

a) Brush-holder { 

studs loose or 
not set properly 
in first place 

a) Measure with a tape, or count 
commutator segments, and adjust 
brushes on diametrically opposite 
bars 

( 

b) Brushes not on i 
neutral point 
in relation to 
the field 

[b) Set screw hold- i 
inn rocker arm 
may have be¬ 
come loose or 
shifted through 
carelessness 

b) Shift rocker arm and brushes for¬ 
ward, or in the direction of rota¬ 
tion. 


(e) One or more 
brushes in con¬ 
tact with wroni: 
number of com¬ 
mutator bars 

ic'i One or more 
brushes thicker 
than others 

(c) Trim all brushes to same thick¬ 
ness. 


ul) Brushes cover 
too many bars 

hi) Brushes too 
thick for design 
of exciter 

hi) Cse proper brushes or grind those 
in use to proper thickness. 


! e) Brushes out of 
line 

ie) Brush holders 
not set properly 
oil studs i 

(e) Adjust holders so that they line up 
properly. 


if) Brushes too 
short 

v f) Wear 

if) Replace with new ones. 


ig) Boor contact 
between brush 
and commu¬ 
tator 

■g) (l ) Oil and grit 
on commu¬ 
tator 

(2) Flint or 
other hard sub¬ 
stance in brush 

(3) Brushes not 
trimmed prop¬ 
erly 

i 

i.g) < 1) Clean commutator with a dry 
rag. (.Never use waste.) 

(2) Sandpaper the brush to re¬ 
move foreign matter, keeping it in 
the shape of the commutator. 

(3) Place a piece of sandpaper 
under brush with smooth side flat 
on commutator and work back 
and forth until the brush fits the 
commutator at all points. 

Note: l.)o not use emory jKJjxr or 
Hot Is.) 


. h» Rough com¬ 
mutator 

i 

i^h) (1) Vibration 

(2) I’neven 
brushes 

(3) DitTerent 
quality of bars 

(4) Cneven 
ridges where 
brushes do not 
touen commu¬ 
tator 

h) If taken in time, the commutator 
may l>e trued by using a commu¬ 
tator stone or by a piece of sand¬ 
paper in a hollowed woolen block. 
Clean all copper dust from com¬ 
mutator before putting back in 
service. 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 

Troubie 

Cause 

Remedy 


Ci) High commu¬ 
tator bars 

( i) Jam nuts and 
cones holding 
segments into 
place, loose 

ki) Carefully drive high bars back 
into place and tighten cones and 
jam nuts. Smooth commutator 
with stone or sandpaper. 


(j) Low bars 

(j) Itough handling 
or wearing awa\ 
due to soft burs 
or from a short- 
circuited coil 

(j) Loosen jam nuts and cones and 
lift bars even with others if pos¬ 
sible, and true the commutator. 
If bars cannot be lifted, the com¬ 
mutator will have to be placed in 
a lathe and turned even w ith low 
burs. 


k) Loose bars 

;■ k) Clamping cone 
and jam nuts, 

I loose 

(h) Tighten cone and jam nuts and 
true commutator. 


!) High mica 

• 1) Copper wears 
faster than 
mica 

(1) Cndercut .o' a below surface of 
bars. Remove all dust before put¬ 
ting back into service. 


m) Weak magnetic 
field 

i: in) 1 1') Often cir¬ 
cuit in field 

11?) Short cir¬ 
cuit in field 

mi) Repair or rewind, as the case may 
be. 


n) Excessive cur¬ 
rent in arma¬ 
ture 

\ n * Too much load 
on machine 

n R is luce the load. 


(o) Cround on 
machine or line 

o) Defective insu¬ 
lation 

o) Test and locate ground with a 
Megger or a magneto, rut out the 
grounded coil or coils, jump the 
defective coils if in the armature 
or rewind and replace them. Re¬ 
place or rewind defective field coil 
if grounded. 


(p) Short circuit 
in armature 

p) Defective in- 
| s.datum j 

1 

p) Cut out short-circuited coil and 
bridge the adjacent commutator 
bars as a temporary measure. 


vq) Short circuit 
in line supplied 
by exciter 

' p Defective in- 
i sulation 

! 

iq) Remove short, circuit on line. If 
properly fused, a short circuit on 
the line will blow the fuse and 
protect the exciter. 


r) Voltage too 
high 

r) (1) Armature 
Sjteed t*>o great 
(2; Armature 
current too 
great 

r) (D Reduce spexxi of prime mover. 

(2; Cut down exciter voltage by 
cutting in resistance in field cir¬ 
cuit 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 

Trouble 

Cause 

t 

Remedy 


(s) Commutator 
bars short cir¬ 
cuited, mica 
worn or eaten 
away causing 
deep pits be¬ 
tween bars 

(s) (1) Copper or 
carbon dust 
between bars 

(2) Melted sol¬ 
der from leads 
between bars 

(3) Insulation 
between brushes 
and holders 
broken down. 
This also causes 
a ground on the 
machine 

(s) (1) Remove foreign matter from 
commutator. 

(2) Remove foreign matter from 
commutator. 

(3) Repair insulation. 


(t) Open circuited 
armature coils 

(t) fl) Conductor 
burned by short 
circuit 

(2) Connection 
at commutator 
bar becomes 
unsoldered by 
heat 

(t) (1) Bridge the open circuit by 
connecting the commutator bars 
adjacent to the break or stagger the 
brushes in all brush holders where 
there are two or more in line, so as 
to cover the break. 

(2) Resolder. 


(u) Reversed 

armature coils 

(u) Cross connec¬ 
tion to wrong 
commutator 
bars 

(u) Test polarity with a compass and 
connect to proper bar. 


(v) Blowholes in 
frame 

(v) Improper cast¬ 
ing 

(v) Return machine to the factory. A 
trouble of this kind is hard to lo¬ 
cate; but if all other remedies have 
failed, this may be the cause. 


3. Rings of fire ; 
follow the 
brushes 
around the 
commutator 

(a) Short-circuited 
armature coil 

(b) Open-circuited 
armature coil 

la) Defective in¬ 
sulation 

(h) (1) Conductor 
burned by 
short circuit 
(2) Connection 
at commutator 
bar becomes 
unsoldered by 
heat 

(a) Cut out short-circuited coil and 
bridge the adjacent commutator 
bars as a temporary measure. 

(b) (1) Bridge the open circuit by 
connecting the commutator bars 
adjacent to the break or stagger the 
brushes in all brush holders where 
there are two or more in line, so as 
to cover the break. 

(2) Resolder 

4 . Flashing or 

Short circuit in 

Usual short 

Sectionalize different parts of ex¬ 

excessive 

exciter external 

circuit causes 

ternal circuit and test for defective 

arcing from 

circuit 


circuit and repair. 

brush to 




brush 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 

1 Trouble 

Cause 

Bemedy 

5, Singing of 

(a) Brush pressure 

(a) Brush-holder 

(a) Remove part of the tension of the 

brushes 

too great 

springs not 

brush-holder springs. 

* 


properly ad¬ 
justed 

i 

tNone: Brush pressure should equal 1 
aiui 1 j lb«. per sq. in. > 

(b) { l) Brushes too hard. 

(2) Replace brushes with ones of 
softer material. The use of gra¬ 
phite will eliminate singing. 

■.Note. A small quantity of \ .inline on 
a clean cloth ruld*ed on the commutator 
will help to reduce wnttintt- The com¬ 
mutator »»V mild l*e wilted dry iiniue- 
dtatciy after using.) 


6. Chattering (a) High bars 
of brushes j(b) Low bars 
!«') Loose bars 
(d) High mica 


(e) Brushes set at 
improper angle 
for direction of 
rotation 


(a.) Jam nuts and (a) Carefully drive high bars back 
cones holding into place a.id tighten cones and 

segments into jam nuts. Smooth commutator 
place, loose with stone oi sundpapur. 

(b) Bough handling (b) Loosen jam nuts and cones and 
or wearing away lift bars even with others if pos- 
due to soft bars sihlc, and true the commutator, 
or from a short- If bars cannot lxi lifted, the corn- 

circuited coil mutator will have to }>e placed in 

a lathe and turned even with low 
bars. 

U') Clamping cone (n Tighten cone and jam nuts and 
and jam nuts, i true, commutator, 
loose j 

i 

id) Copper wears '.(d) Undercut mica below surface of 
faster than I bars. Remove all dust before put- 
mica ting back into service. 

it-) Wrong direr- ho) Be verse angle of brush setting, or 
tion of rotation J change polarity of exciter and re¬ 
verse rotation of prime mover. 


(f) Improper end tf) Shaft collars 

play not properly 

set 

(g) High ridges on .(g) Not enough 
commutator 1 end play 


ff) Beset collars and adjust end play. 
Knd play should not be less than 
j x A inch or greater than $ inch. 

fgi Beset collars and adjust end play. 
Lnd play should not be less than 
T * c inch or greater than J inch. 
Bemove ridges with a commutator 
stone. 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 

Trouble 

Cause 

Remedy ' 

7. Blackening 
of commu¬ 
tator at cer- 

( a) Short circuit in 
armature 

(a) Defective in¬ 
sulation 

(a) Cut out short-circuited coil and 
bridge the adjacent commutator 
bars as a temporary measure. 

tain apota 




(b) Open circuit 
in armature 

*'b) ('onnection at 
commutator 
bars becomes 
unsoldered by 
heat 

(b) (1) Bridge the open circuit by 
connecting the commutator bars 
adjacent to the break or stagger the 
brushes in all brush holders where 
there are two or more in line, so 
as to cover the break. 

(2) Resolder. 

* 

8. Armature 
hot all over 

(a) Overload 

(a) Overload 

i 

(a) Reduce load by reducing excita¬ 
tion of alternator if overexcited. 


(b) Moisture in 
coils 

: b) ()perating in a 
damp place 

(b) Dry out by running with a high 
load or bake in an oven. 


(r) Armature out 
of center 
between poles 

■' r» Bearing worn 
on one sale 

(c) He pi ace bearing or shim the one 
in use. 


(d) Eddy currents 
in armature 
core 

(d) Faulty con¬ 
struction ^ 

(d.) Rebuild core of thinner sheets <>r 
laminations. (Seldom encounter¬ 
ed.) 

9. Armature 
hot in .spots 
and cool in 

la) Short-circuited 

I coil or coils 

(a) 1 )efective in¬ 
sulation 

■ a) Cut out short-circuited coil and 
| bridge the adjacent commutator 

1 bars as a temporary measure. 

others 





(b) Open-circuited 
coll or coils 

l b) (l > Conductor 

1 burned by short 

circuit 

| 2 5 Connection 

i at commutator 

bar becomes 

1 unsoldered by 

| heat 

!(b) (1) Bridge the open circuit by 
connecting the commutator bars 
adjacent to the break or stagger 

I the brushes in all brush holders 

1 where there are two or more in 

| line, so as to cover the break. f 

i (2) liesolder. 

i 


vc) Reversed po¬ 
larity of arma¬ 
ture coils 

1 ! ( Voss connec- 
| t ton 

i 

o) Reconnect reversed coils to proper 
j bars. 

j 

10. Armature 
issues a 
founding 
sound 

Armature strik¬ 
ing or rubbing 
pole pieces 

Bearing w orn 
on one side 

Shim the bearing or replace with 
a new one. 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 

Trouble 

Cause 

Kerned y 

11. Armature 
issues a 
loud bum¬ 
ming sound 

Path of mag¬ 
netism spread 
out too much 

Pole shoes too 
flat 

Chamfer pole pieces so as to re¬ 
duce the area of the path of the 
magnetic flux. Keduce the mag¬ 
netic field. 

t Notk: Ttii* trouble will not bo on- 
oouutrrotl m n modern muohmr.i 

12. Series field 
coils hot 

(a) Excessive cur¬ 
rent 

(a) Coils wound 
with ttM> much 
w ire, or too 
small wire 

ta) Increase size of wire. Reduce 
winding or reduce current. 


(b) Moisture in 
coils 

(b) Dampness 

(1>) Bake coils in an oven or by pass¬ 
ing r light current through them. 


(c) Speed too low 

• c) Prime mover 
sjhmhI too low 

(e) Increase speed of prime mover. 
Increase size of driving pulley. 
Decrease ;.«,x of driven pulley. 


(d) Partial short 
circuit in one 
or more field 
coils 

(d) Moisture in 
coils 

id) Dry out t:o..s and rewind if neces¬ 
sary. 


(e) Brushes not on 
neutral point 

(e) Shifted through 
accident or not 
set properly in 
; first place 

led Shift rocker arm until minimum 
arcing takes place. 


<f) Overload 

■fi Overload 

(f) Reduce load. 


13. Shunt field ;<a) Excessive cur- :(a) (1.) Partial ;a) (D Test out and rewind. 


short circuit j 


< 2) Not enough; 
turns in wind- | 

; 

1 2/ Add more turns or wind with 
smaller size wire, or add external 
resistance. 

(X i Voltage too - 
high 

(X) I )<yreuse voltage by decreas¬ 
ing the sjs*ed of prime mover. 

(4 ) Brushes not 
on neutral 
point 

(li Shift; rocker arm until mini¬ 
mum arcing takes place. 

(o'i Moisture in ; 
coils ; 

(5• Dry out coils and rewind if 
necessary. 

fu) Overload i 

(f») Remove part of load. 
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TABLE I—Continued 
Troubles of Exciters 


Symptom 

Trouble 

Cause 

Remedy 

14. Pole pieces 
hotter than 
field coils 

(a) Eddy currents 

(a) Faulty con¬ 
struction 

(a) Replace with laminated poles if 
necessary. 


(b) Current 

through fields 
fluctuating 

(b) Load unstable 

(b) Provide field circuit with auto¬ 
matic regulator or if already 
equipped, look for trouble in 
regulator as outlined in voltage 
regulator troubles. 

15. Voltage too 
high 

(a) Speed of ex¬ 
citer too great 

fa) Speed of prime 
mover too 
great 

(a) Reduce speed of prime mover, and 
adjust governor so that the speed 
remains constant at a given load.* 


(b) Field too strong 

1 

(b) Not enough re¬ 
sistance in 
series with field 

(b) Cut more resistance in series with 
the field by means of the field 
rheostat. 

16. Voltage too 

low 

fa) Speed of ex¬ 
citer too low 

fa) Speed of prime 
mover too low 

(a) Increase speed of prime mover. 
Increase size of driving pulley or 
reduce size of driven pulley. Ad¬ 
just governor. 


(b) Field too weak 

(h) Too much re¬ 
sistance in 
series with the 
field 

(b) (’lit out more resistance with the 
field rheostat. Adjust voltage* 
regulator. 


(.<•) Load on ext iter 
too great 

*e> Alternator over¬ 
excited 1 

j 

ic) Reduce, excitation, being careful 
not to reduce it too much and 
lower the voltage of the alternator. 
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located, the coil leads are cut and a jumper connected across the 
two bars thus located. This jumper completes the circuit through 
* the armature, which should be tested again before putting it back 
into service. 

With a single series winding, owing to the manner in which the 
leads are connected to the commutator (the winding is two-circuit), 
the method of jumping a defective coil is different from that of a 
single parallel winding. In this type of winding, the defective or 
short-circuited coil is cut as in the former case; but in locating the 
commutator bars to which the coil connects, it will he found that 
•they are on opposite sides of the commutator, that is, direct is op¬ 
posite each other. If adjacent bars art* connected in a ease of this 
kind, two such jumpers arc required and a perfectly good coil short, 
circuited unless it is also cut. The proper method of jumping the 
defective coil is shown in Fig. d. 

Repairing open circuits in exciter armature windings 

^ An open circuit in a parallel winding is indicated by flashing of 
the brushes at one spot only on the commutator, since the circuit is 
broken when the brushes pass the break at every revolution. With 
a parallel winding, the commutator bars to which tin* defective coil 
connects can be readily located by their burned or blackened appear¬ 
ance. To repair, connect a jumper between the two bars which are 
blackened. It is also best to cut the leads off at the hars to eliminate 
any chance of the open-circuited coil closing due to centrifugal force. 
,The armature should be tested with a magneto before putting it 
back into service. The method of repairing an open circuit in a 
parallel winding is shown in Fig. 4. 

In using the apparatus shown in the diagram, brushes are lo¬ 
cated on opposite sides of the commutator, as on segments 4 and 10, 
with a bank of lamps connected in scries with the supply voltage. 
The current flowing through the windings is adjusted to give normal 
deflection on the meter. In making the test with the voltmeter leads 
connected to segments 11 and 12, as shown in the diagram, normal 
deflection of the voltmeter needle will result. With the voltmeter 
leads connected to segments 5 and 0, 7 and X, or 8 and 0, there will 
be no deflection of the voltmeter needle. With the voltmeter leads 
connected to segments 0 and 7 , or to those segments to which the 
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open-circuited coil was originally connected, current will flow from 
the brush on segment 4 through coils 4> and 6 , thence through the 
meter and through the coils connected to segments 7, 8, 9 , and 10 
to the brush on segment 10. The resistance of the meter being many 
times greater than the resistance of the armature windings, practi¬ 
cally full voltage between the brushes will be indicated by the meter. 
If the open circuit does not occur in the leads from the winding to 
the commutator and it cannot be located, the assumption is that the 


/ ^ J 4 s < r as to n u 



break is somewhere in the slots. If this happens to be the case, the 
two leads should be cut as shown in the diagram and taped so that 
they cannot come together and a jumper connected as shown by 
the dotted line between d and 7. 

Where an open circuit occurs in a series winding, one-half of the 
coils are dead and the exciter will not build up. Unlike a parallel 
winding, the commutator bars cannot be found at a glance but must 
be located by testing. In testing for an open circuit in a series wind¬ 
ing, the apparatus required and the diagram of connections both for 
the test and the method of repairing are shown in Fig. 5. The same 
equipment is used for this test as is used for a parallel winding, only 
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the results of the tests are different. With supply voltage on the 
brushes and the voltmeter leads connected to bars o and (>\ the meter 
will be violently deflected, since all the voltage in one-half the winding 
is impressed on the meter. The same effect is obtained if the meter 
leads are connected to bars 7/ and 7 J, 

In repairing an open circuit in a series winding, one jumper only 
is necessary. If jumpers are connected on opposite sides of the 
commutator where the leads of the defective coil are located, the 



coils adjacent to the break will be paralleled and will consequently 
heat up, since double voltage will be impressed on them, and they 
will not only carry their normal current but a circulating current 
which will flow between them. 

Locating a ground in armature winding and repairing it 

A ground in an armature winding may be caused from various 
reasons but all grounds are due to one particular thing, defective 
insulation. A ground in an armature coil is usually caused from poor 
insulation and stresses caused by magnetic induction and centrifugal 
force. Another cause, which while an insulation breakdown, is due 
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primarily to poor workmanship. If the slots in the armature core 
are properly insulated and care is taken in inserting the coils, there 
is not much danger from a ground. Water is another good cause for * 
a ground, and it is for this reason that an exciter must be located 
where there is little possibility of damage from moisture. 

A ground in the commutator may be due to rough usage, a short 
circuit or an open circuit, loose clamping rings, etc. The cones which 
clamp the commutator to the shaft are insulated from the commuta¬ 
tor with sheets of mica and if the clamping ring becomes loose, the 
mica is liable to shift and allow the segments to come in contact with 
the cones. Other causes are high voltage, oil and dirt, or failure of* 
the insulation buck of the ring. 

In order to better locate a ground in either an armature coil or a 
commutator, the windings and bars must be divided into sections by 
removing the leads from the commutator. Each section is then tested 
by means of a lamp in series with a low voltage circuit, one end of the 
test set being permanently connected to the shaft while the other 
end is successively touched to various sections of the commutator^ 
and windings. 

When the faulty section is located, the leads of all coils in this 
section art* disconnected from the commutator and each coil and 
segment tested separately. After the ground is located, if in a coil, 
the coil is either removed or cut out of circuit as outlined and illus¬ 
trated under the heading of repairing short circuits and open 
circuits for series and parallel windings. 

Wlnui testing for a ground with a voltmeter, the grounded seg¬ 
ment will give a smaller reading than a normal segment or coil. 

Open circuit in a field winding 

An open circuit in either a series or a shunt field may be caused 
by the connections becoming loose through vibration or rough hand¬ 
ling. An open circuit in the fields of a shunt-wound exciter will not 
allow t he machine to build up, nor will a com pound-wound exciter 
build up if the shunt field is open. A com pound-wound exciter will 
build up, however, if the series field is ojk'h, the machine then having 
the characteristics of a shunt-wound exciter although there will be 
no current or voltage in the external circuit of the exciter. This is 
illustrated in Fig. fi. 
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To locate an open circuit in either field, the field coils are all 
disconnected from the armature circuit and each coil tested separately 
with a voltmeter. Low voltage, either direct or alternating, is im¬ 
pressed on the outside terminals of the field with the coils still con¬ 



nected in series and the voltmeter leads connected to the terminals 
of each coil in succession, as shown in Fig. 7. An open-circuited coil 
will give full deflection of the meter needle, since it forms a path for 
the voltage, while a coil which is not open-circuited will give no 
deflection on the meter. 

When located, the defective coil is either rewound or replaced 
with a new one. 

Short circuit in a field coil 

A short'-circuited field coil, either series or shunt, may he caused: 

(1) By thr loads routing in contact, with otic another 

(2) By tilt* insulation breaking down between two turns in different, parts 
of the coil 

(*i) By moisture in the coil 

(4) By grounds 

The first will completely short circuit the coil; the second will 
•only partially short circuit the coil; while the third and fourth may 



Fig. 7. Testing Field Coils for Open Circuit 

do either, depending on the number of grounds and the amount of 
moisture. 

A short-circuited field coil is easily located by means of a volt¬ 
meter, the same procedure being followed as in locating an open 
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circuit. The results of the short-circuit test differ from those of an 
open-circuit test, since the voltmeter will give a zero reading across 
a coil that is completely short circuited. If only partially short 
circuited, the reading will be somewhere between zero and that 
across a good coil. The voltage across any coil not short circuited is 
equal to the line voltage divided by the number of coils connected in 
series. For instance, if there are four coils in the field and the line 
voltage is 120, there w ill be a reading of 30 volts across each coil. 
If, however, one coil is totally short circuited, there w ill be no reading 
across it; but across each of the others there will be a reading of 
120 *t- 3=40 volts. The remaining coils will therefore become hot 
while the short-circuited coil will remain cold. 

Troubles of interpole field coils 

On exciters equipped w ith interpoles, the troubles due to short 
and open circuit are the same as in the series field. The interpole 
coils are connected in series with the series field and armature and 
the brushes on this type of machine are in the exact center of the 
interpole*field coils. « 

Methods of operating an exciter under-compounded, over-compound¬ 
ed, and flat-compounded 

An under-compounded machine is one in which the voltage 
varies with the load, that is, with an increase in load the voltage 
will decrease. An over-compounded machine is one in which the 
voltage increases as the haul increases. A fiat-compounded machine 
is one in w hich the voltage remains stationary under varying condi¬ 
tions of load. 

To imdcr-compound a compound-wound exciter or a shunt- 
wound exciter, either with or without interpoles; shift the brushes 
in the direction of rotation but do not shift them too far or they 
will are and burn the commutator. Another way to under-compound 
an exciter is to shunt eh her the series or interpole fields or both by 
means of diverters or shunts. Decreasing the number of turns in 
the series field will cause the exciter to be under-compounded ; while 
increasing the number of turns in the series field will cause the 
exciter to l>e over-compounded. Since it is possible to reduce the 
compounding, that is, under-compound an exciter by means of 
shunts, most comjiound-wotind exciters have their series field coils 


216 



HYDROELECTRIC MACHINERY 


27 


wound with an extra turn or so; in other words, they art* over- 
compounded. 

The use of shunts or diverters as they are usually called is to 
provide against an increase in voltage with an increase in current. 
It is for the same reason that exciters for alternators are also 
equipped with diverters, that is, to maintain a constant voltage 
to the alternator fields regardless of the exciter load. A diagram 
of connections showing the method of connecting the diverters in 
the series and interpole fields of a compound-wound exciter is 
shown in Fig. 8. 

The diverters are here shown connected through disconnecting 
switches which may he opened and closed to obtain any amount of 

_ SHUNT HUD 





compounding. When these switches are open, the machine is over- 
compounded; when these switches are closed, the machine is either 
flat-compounded or under-compounded, depending on the amount of 
resistance in parallel with the series and interpole fields. The posi¬ 
tions of switches A and li in the diagram are for oj>erating the 
machine over-compounded. The two switches are oj>en and the 
diverters are cut out of circuit. For ordinary flat-compound opera¬ 
tion, diverter switch A is closed and switch B is open; while for 
greater flat-compounding, that is, for a greater variation in load with 
a constant voltage, switch B is also closed, thus diverting some of 
the armature current from the interpole field. 

For ordinary flat-compounding all of the armature current flows 
through the interpole field but not all of it flows through the series 
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field since the diverter circuit to which switch A connects is in 
parallel with the series field and therefore the current is divided— 
part flowing through the diverter and part through the series field. 
The diverters or shunts consist of German silver of various thick¬ 
nesses and amount of resistance. 

Another method of connecting and arranging the diverters in 
the series and interpole field circuits is shown in Fig. 9. Here, a 



Fin. 0. Switcher* for f'hanjnnft Amount of Compounding of Exciter 


series of switches are shown, and all of the circuits are paralleled. 
These diverters supply the necessary compounding to maintain a 
practically constant voltage, under varying load conditions, by 
closing those that experience shows are the most effective. 

CARE AND MAINTENANCE OF VOLTAGE REGULATORS 

Voltage regulators are of several types but their main functions* 
are all the same, namely, to regulate either manually or automatically 
the exciter voltage to the alternator fields and to regulate the al¬ 
ternator voltage under varying conditions of load. 

Automatic regulators of both the contact-making, vibrating, 
and induction types are used in conjunction with hand-regulated and 
motor-regulated field rheostats. As the contact-making and vibrat¬ 
ing types have the greatest field of usefulness, the following applies 
to them only. 

Operating instructions for voltage regulators 

In order that a vibrating or a contact-making regulator may 
function properly, the following instructions are given. 
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(1) Keep the regulator contacts ami other mechanism absolutely clean* 
The relay contacts should be filed or sandpajwml once a week, while the main 
regulator contacts should be sandpapered at least once a month. 

(2) Where the regulator controls one alternator and exciter, the alternator 
main field rheostat should have all the resistance cut out. if part of the resis¬ 
tance is left in the alternator field, there will be considerable heat losses in 
the rheostat and the regulator in trying to function properly will tend to raise 
the exciter voltage, which will impose a heavy duty on the regulator contacts. 

(3) Where one regulator controls two or more alternators m parallel which 
have different characteristics, the alternator operating at the lowest power factor 
should have some resistance left in its field rheostat, the one operating at the 
highest power factor should have all resistance cut out, and those operating at 
power factor values between the highest and lowest should be grade ! so that 
they all operate at the same power factor. 

(4) If t he regulator does not respond quickly, quicker response may be had 
by paralleling the exciter field coils. For either 125-volt, or 250-voit, exciters, 
there should be enough external field resistance to ml ueo the voltage by four- 
fifths in less than eight seconds. The point on the exciter field rheostat which 
gives one-fifth voltage is the operating point and should 1 •' marked so that, the 
contact arm can always be set at this point while the exciter voltage is under 
regulator control. 

(5) Exciters which are to be regulator controlled and which are to be also 
paralleled should be slightly umier-compounded, that is, the voltage of these 
excite!s should drop when the current in their external circuits increases. In 
order to increase the value of under-compounding, the exciter brushes should be 
moved forward in the direction of rotation, but not enough to cause arcing lav- 
tween the brushes and commutator. 

Troubles of voltage regulators 

The troubles of voltage regulators are so closely allied to those 
of the alternators and exciters which they link and serve that one 
should be thoroughly familiar with the troubles of alternators and 
exciters in order to more fully understand those of voltage regulators. 
The usual troubles of voltage regulators are found in Table II. 

CARE AND MAINTENANCE OF POWER TRANSFORMERS 

After the installation of a transformer or a bank of transformers 
and before the final connections are made, all parts should be thor¬ 
oughly inspected and tested for moisture, polarity, ratio, etc. 

Drying out a transformer 

If moisture is present in a transformer, it will usually be indi¬ 
cated by the presence of rust inside the tank. Transformers that do 
not use oil as a cooling medium as well as those that use oil but are 
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TABLE II 

Troubles of Voltage Regulators 


Symptom 

Trouble 

Cause 

Remedy 

1. Relay con¬ 
tacts bum, 
pit, or black¬ 
en quickly 

(a) Contacts offer 
too much re¬ 
sistance and do 
not make 
proper contact 

(a; Contacts not 
made of proper 
material 

(a) Jf contacts are not silver tipped, 
they should be replaced, since 
silver-tipped contacts have a low 
resistance and make positive con¬ 
tact. 


(bj Contacts arc 
when opening 
and closing 

0,) (1) Not enough 
condensers in 
shunt or par¬ 
allel with the 
contacts 

(2) Open cir¬ 
cuit through 
condenser 

(b) (1) If the condenser is not open 
circuited, connect another in 
parallel with the existing con¬ 
denser. 

(2'i Test out condenser by apply¬ 
ing a low voltage on its terminals 
and then discharging it through a 
lamp. If open circuited, insert a 
new one. 

(Note: K.aeh s»>t of relay contacts has 
a condenser in parallel to decrease the 
arcing. When the relay contacts open 
the condensers are charged; and when 
the relay contacts close, the condensers 
discharge through the contacts.) 

Relay contacts should be filed and 
cleaned once a week to assure 
proper functioning. After clean¬ 
ing, the contacts should be ad¬ 
justed so that there is a gap of 

1 k between them. 

To prolong the life of the contacts, 
their polarity should be reversed 
once a day. The polarity of the 
contacts is reversed by reversing 
the reversing switches at the bot¬ 
tom of the regulator. 

2. Alternator 
voltage var¬ 
ies when the 
load changes 

Ivxciter voltage 
varies 

i-at 11 > Main con¬ 
tacts arcing or 
not closed 
properly 

(2) Main con¬ 
tacts too close 
together 

(b) Limit pins in 
contact with 
the lever 

• a.) (1 and 2) Clean the main contacts 
with a fine file or carborundum 
stone and see that they make a 
perfect fit. Adjust the contacts by 
means of the gauge blocks. The 
levers should rest on these blocks 
and the contacts should just touch 
each other. 

Id These pins are for adjusting the 
minimum and maximum regulated 
exciter voltage and should in no 
ease come in contact with the 
lever. 
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TABLE II—Continued 
Troubles of Voltage Regulators 


Symptom 

Trouble 

Cause 

Remedy 



(c) Dash pot piston 
either sluggish 
or too quick in 
action 

Ni>rt: Tin-roan 
otlior cjust's ft »r 
the <yint'ii*Ui just 
disi‘a>st’d. but thr 
c:uis<"< t o 

triHlU(’: ; <>{ volt- 
siiro nvulatnr.-. art- 
full > oovon-d. l or 
i*lli«*r oitUM-s. tin* 
stmlnif is roforrod 
to ultrmator 
trmiMos. 

vc) If sluggish, the oil is either too 
thick or the dash pot mechanism 
is out of adjustment. Change the 
o 1 and adjust the piston so that 
it is about midway between the 
port holes. If the piston has a 
tendency to pump it moves too 
freely and a heavier grade of oil 
should be used. 

3. Regulator 
contacts .stay 
in one posi¬ 
tion 

Open circuit in 
regulator cir¬ 
cuit 

Either the D.C. 
or A.C. eoi! is 
burned out or 
the connection.-' 
broken 

Test out each roil with a magneto 
or lamp e-'d low voltage circuit 
and replace the coil affected. 

4. Regulator 
does not 
respond 
quickly 

Exciter does 
not respond 

ia) Too much re¬ 
sistance in **\- 
citer field cir¬ 
cuit 

b) K\cit**r over- 
| compounded 

■ a) 1 1 < ’ut out some of the resistance* 
in the exciter field rheostat. 

f‘J) Parallel the exciter field coils. 

Id Move the exciter brushes in the 
| direct ion of rotation, but not 

• enough to cause arcing. 

5. One or more 
alternators 
operate at 
low power 
factor 

Too much watt¬ 
less current 

■ 

i 

Too much re¬ 
sistance cut. 
out of alter¬ 
nator field 
rheostat 

\ Cut some resistance in the field 

j rheostats of alternators which ure 

j paralleled with others operating at 

a higher power factor. 


221 







32 HYDROELECTRIC MACHINERY 

shipped in a dry state, especially if the voltage is greater than 2200 
volts, should be thoroughly dried out before going into service. 

Probably the best method of drying a transformer is to force 
a current of dry air at a temperature of 90 degrees centigrade (194 
degrees Fahrenheit) through and around the windings for not le§s 
than 24 hours. For high voltage transformers, the time should be 
extended to from 72 to 96 hours, depending on the voltage and 
capacity. 

Another method of drying, but one that must be used with care, 
is to short circuit one winding (usually the low voltage winding) and 
impress not more than 5 per cent (2 per cent is better) of the voltage 
for which it is designed, on the other winding (usually the high 
voltage winding). With a voltage 2 per cent of the normal voltage 
impressed on the high-voltage winding and the low-voltage winding 
short circuited, a current of about 33 per cent of normal full load 
current will flow through the two windings. The current should be 
adjusted so that the temperature will not exceed 80 degrees centi¬ 
grade (176 degree's Fahrenheit) at the hottest spot. Thermometers 
must be placed at various points in the transformer air ducts through 
the core and in both windings. 

Treatment of transformer oil 

Transformers built for voltages exceeding 2200 volts are usually 
shipped with the tanks filled with oil in order that no moisture may 
get. to the core and windings during transit. If the tank tops are 
properly sealed, there is little chance of moisture getting into the 
tank, but the oil should be tested before connecting to the line as 
0.1 per cent of moisture will render the oil unfit for service. 

There are several methods of determining the presence of mois¬ 
ture in oil. The quickest method is to immerse a red hot piece of 
steel into a sample of oil taken from the bottom of the tank. The 
presence of moisture will be denoted by a hissing sound. 

Another method and one which is more reliable is to drop pieces 
of copper sulphate which has been heated enough to turn it white 
into several samples of oil taken from the bottom of the tank. If 
the chemical turns blue or its natural color, it denotes the presence 
of moisture. 

The surest method, if the voltage and apparatus are available, 
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is to impress 40,000 volts across two |-ineh disks suspended in the 
oil and spaced |-inch apart. If no arc is formed, the oil may be 
considered in good condition. If, however, the film breaks down, the 
oil should be treated as described below. 

Removing moisture from oil is a slow and tedious process* 
There are several methods which are given in the order of their 
importance, the last method being the best and most important. 

Gravity method. With the gravity method, the oil should be 
allowed to stand undisturbed from a week to ten days and then 
siphoned from the top into clean containers until within a foot of 
the bottom. The next eight inches, or within four inches of the 
bottom of the tank, should be put in separate containers for further 
treatment, while the balance should be thrown away. 

Centrifugal treatment. With this method, the oil is plaeed in a 
separator after the principle of a cream separator. This operation 
should be performed at least three or four times. 

Chemical treatment. Certain chemicals have a great affinity 
*for moisture and have the ability of extracting it from oil. The most 
important of these dehydrating chemicals are calcium chloride, 
calcium oxide, calcium carbide, and metallic sodium, the first men¬ 
tioned being the quicker in action. A quantity of the chemical is 
placed in the oil, in the proportion of C> parts chemical to 100 parts 
of oil by weight, and allowed to stand for four or five days and then 
filtered from the oil. 

Heat treatment. The oil is heated to the boiling point, or 100 
•degrees centigrade (212 degrees Fahrenheit) and all pressure removed. 
In this manner the moisture is evaporated. Care must be exercised 
that the heat does not exceed 105 degrees centigrade, as the oil will 
be ruined. The heat should be applied for at least twenty-four hours 
to be effective. 

Paper filter treatment. This method is better by far than those 
preceding as the transformer need not be taken out of service; while 
with those mentioned above, it has to be out of service. The filter 
press consists of a high-pressure pump and a stack consisting of 
several layers of blotting paper. The oil is drawn from the bottom 
of the transformer tank and forced by the pump through the blotting 
paper stack back into the top of the tank. All of the moisture is 
absorbed by the blotting paper, which has to be changed from time 
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to time depending on the amount of moisture in the oil. Some filter 
presses are equipped with heated coils through which the oil passes 
before going back into the tank. 

Note: In all the methods except the last mentioned, the oil should b< 
tested before putting the transformer back in service. 

Transformer polarity tests 

Polarity tests between leads of the windings of one transforme] 
are made by connecting two adjacent primary and secondary lead; 


negative 



together and noting whether the secondary voltage is added to the 
primary voltage or is subtracted from it. Where the two voltages 
add up, the polarity is positive; and where they subtract from each 
other, the polarity is negative. Fig. 10 shows the direction of primary 
and secondary voltages in their proper relationship where the polarity 
is positive, while Fig. 11 shows two transformers paralleled where 
one has positive polarity and the other has negative polarity. These 
transformers cannot be paralleled and operated when connected in 
this manner, but can be operated in parallel when connected as shown 
in Fig. 12. 

In paralleling transformers, the polarities should be tested be¬ 
fore connecting. This test can be made by a voltmeter or by placing 
a fuse between the secondaries. If when tested with a voltmeter 
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the voltages of lx>th primaries and secondaries of all transformers add 
up, the polarity is correct and paralleling can he proceeded with. 
The connections for a voltmeter test are shown in Fig. 13. The 



Fife. 11. Direction of Transformer Voltage*- When Trun>fornn , rx of Opposite 
1 \»l;«r»T y Arc l\mii!e.V<l 


voltmeter is first connected across the high-tension winding at 17, 
then across the low-tension binding at IV, and lastly at IV. If 
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Fig. 12. Correct Method of Connect ini? a Transformer with Positive 
and Negative Polarity in Parallel 


the voltage at V3 is the sum of 17 and I V, the polarity is correct. 
If, on the other hand, all the voltages subtract, the polarity is also 
correct and the transformers may be paralleled. 
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Fig. 13. Method of Making Transformer 
Polarity Tests 


I 



Fig- 14. Directum of Voltages and Method of Testing Polarity 
with Fuses 



Fig. 15. Direction of Voltages with Polarity of Trans¬ 
former 2 Reversed 
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When testing by means of a fuse, the primaries are first paralleled 
and then the secondaries are paralleled with a fuse in series in all 
lines but one. If any of the fuses blow, it will indicate wrong polarity. 



Fig. lf». Proper Method of ('onurriiiiK Trans¬ 
former 2, Which I la* Itevorned Polarity 


Switching the connections around until none of the fuses blow will 
indicate correct polarity. This is illustrated in the following dia¬ 
grams. Fig. 14 shows three single-phase transformers connected in 
delta with the polarity of each correct. Fig. 15 shows the polarity 
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Fig. 17. Method of Testing Two Banka of Transformer* Before Paralleling Them 


of No. 2 transformer reversed, while Fig. lb shows the proper con¬ 
nection for Fig. 15 with No. 2 transformer apparently reversed. 
Fig. 17 illustrates the method of testing two banks of single-phase 
transformers for parallel operation. 
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Transformer ratio tests 

Ratio tests are made by impressing a fraction of the norma! 
voltage on the transformer windings and the ratios of the tap voltages 
are measured with a voltmeter. The ratios of primary and secondary 
voltages are obtained in the same manner or by balancing against a 
standard of known ratio. Fig. 18 illustrates the connection of the 
apparatus for a ratio test. 



Fig. 19 shows the effect of connecting two transformers of differ- . 
ent ratio in parallel. Where two such transformers are paralleled, 
circulating currents will result. For instance, in Fig. 19 No. 1 trans¬ 
former has a ratio of 10-1, while No. 2 has a ratio of 9-1. The core 
loss of No. 2 is approximately 10 per cent higher than that of No. 1, 
since the circulation of full-load current is increased 110—100, or 10 
per cent. If each transformer has a capacity of 110 kilovolt-amperes at 
the specified voltage and both are the same ratio, 1 (XX) amperes will flow 
through the secondaries of each at unity power factor; but since the 
ratios are different, the im |xm lances of the secondaries are also differ¬ 
ent. The impedances with equal ratios equal 110-s-1000, or .11 ohms. 
The impedance, however, of No. 2 is less than that of No. 1, since 
there are less turns in the secondary. From Ohm’s law, the current 
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flowing in No, 1 equals 110000-5-110, or 1000 amperes, while the 
current in No. 2 equals 110000-5-122, or 901 amperes. When the 
two transformers are connected in parallel, however, the winding 
having the least impedance will carry the greatest current, so that 
No. 1 will carry 901 amperes and No. 2 will carry 1000 amperes, 
and the impedaiuvs of the two will he equal, since 110-5-901 equals 
.122 ohms and 122-:-1000 equals .122 ohms. The 12.2 volts shown 
in the diagram, which is the difference between the two secondary 
voltages, is the real cause of the circulating current, since it forces 
the current against the impedance of the whalings, the circulating 



Fig. 10. Voltugi* < U>fa»nr*<l Wln-n Attempting t«> I’untli* 1 TrunsfornuTB 
of Different !{:itjo?> 


current really amounting to 1000 — 901, or 99 amperes. It is there¬ 
fore always advisable when paralleling transformers to measure the 
voltage between the points as represented by ,r and y in the diagram. 
If no voltage is shown between these points, the transformers have 
the same ratio and no trouble will be caused from circulating currents. 

Precautions for filling transformer tank with oil 

If for any reason the oil in a transformer tank becomes jellied 
or worthless due to overheating or other causes, the oil should be 
removed and the tank should be thoroughly flushed out, and every 
precaution should be taken that no foreign matter remains in it. 
When filling the tank, the oil should be strained through at least four 
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layers of cheese cloth in order to remove all impurities. The presence 
of water will be readily noticed by the formation of globules in the 
oil on the cloth. 

Caution: Never use rubber tubing to convey oil to the tanks, as there is 
always a certain amount of sulphur in the rubber which is injurious to the insu¬ 
lation of the transformer windings. 

In all cases the oil should be allowed to settle for at least twelve 
hours before putting the transformer into service. In any transformer 
the oil level should be well above the windings and core; while in 
transformers equipped with oil gauges, the level should be about 
half the height of the gauge when cold, in order to allow for expansion 
when the oil becomes warm due to service. As the insulation ab¬ 
sorbs a slight amount of the oil, the oil level should be noted two 
or three days after filling. As soon after filling as possible, the 
covers should be placed on the tanks in order that no moisture or 
other foreign matter may get into the tanks. 

Precautions for a water-cooled transformer 

Before impressing voltage on water-cooled transformers, the 
water should be applied at lmv pressure in order to determine if 
there are any leaks in the cooling coils. The water pressure should 
not be left on for any length of time, however, as the tubes might 
sweat—the same as any water pipe will do in the summer time. In 
no ease should the temperature of the oil fall below 10 degrees 
centigrade (oO degrees Fahrenheit). 

Precautions for an air-blast transformer 

Before impressing voltage on air-cooled transformers, the 
blowers should be run a short time only, in order to ascertain that 
none of the ducts are clogged and that the air pressure is equally 
distributed. The air pressure should not be left on without voltage 
being impressed on the windings, since air always contains a certain 
amount of moisture which is detrimental to the insulation of the 
windings. Air-blast transformers should never be placed where 
there is any liability of water dripping into them, as they are usually 
open at the top. For this reason no water pipes should be installed 
over or around them. 

It is usual to bring both primary and secondary leads out of the 
bottom of an air-blast- transformer, the cables being run in the air 
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duct—the air current thus keeping them cool and increasing their 
carrying capacity. 

Continuity of service 

Owing to the importance of transformers in a transmission 
system, they should be installed in such a manner that a unit can be 
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Fir. 20. Diagram of Spare Transformer ConnoolioiiH on a 2-Phaw Syatem 


cut out of service in the event of trouble without tying up the re¬ 
mainder of the system for any length of time. On any installation 
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where continuity of service is of prime importance, both high-voltage 
and low-voltage windings should be equipped with disconnecting 
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switches. In some cases service is so important that spare units are 
installed and connected ready for immediate use. Fig. 20 illustrates 
the connections of a spare unit in a two-phase system. The spare 
unit has both high-voltage and low-voltage windings connected to 
double-throw switches in such a manner that no matter which of 
the working units becomes disabled, the spare is immediately avail¬ 
able. 

Fig. 21 shows the connections of a spare unit in connection with 
three single phase transformers connected star-star on a three-phase 
system, while Fig. 22 shows the same for a delta-delta connected 
bank. With three-phase bunks connected delta-delta, 58 per cent 



I'ijs iiJ Diagram of Spun* Transformer CouncrtimiH on a Delta-Delta 
Transformer Bank 


of the total capacity of the three transformers can be carried inde-, 
finitely with two of the units operating on open delta. 

Caution: No transformer should bp allowed to exceed a temperature of 
SO degrees centigrade (170 degrees Fahrenheit). 

Troubles of transformers 

Owing to the fact that transformers are of rugged construction 
and have no moving parts, if they are properly protected on the high- 
voltage side by circuit breakers and lightning arresters and on the 
low-voltage side by circuit breakers and fuses, they should give 
little or no trouble. Insulation breakdown and breakdown of high 
tension bushings and terminals might be encountered. The usual 
troubles and their remedies are given in Table III. 


232 









HYDROELECTRIC MACHINERY 


43 


Insulation breakdown. This may be caused in a number of 
ways, such as: 

(1) Line surges 

(2) Lightning 

(3) Elect roirmgnet ic stressvs 

(4) Faults of cooling medium 

(5) Short circuits 

(6) Switching on and o(T of heavy loads 

(7) Insufficient insulation between layers ami between the various sec¬ 
tions of the two windings 

(8) Operating at too low a temperature 

(9) Electrostatic capacity too great 

(10) Oscillation of line conductor 

(11) Overloads 

(12) Variat ion in generator speed and voltage 

(13) Unequal division of load 

(14) Voltage strain 

(1/3) Wrong polarity 

(10) Grounds 

A safeguard against a considerable number of these causes— 
as Nos. 1, 2, 5, 10, 11, 14, If), and 10—is proper protection by the 
installation of choke coils, lightning arresters, and circuit breakers 
with relay protection. * 

For cause No. 3, which is due either to faulty design or to the 
windings not being properly braced so that they shift, and cut the 
insulation on the core, the only remedy is in reinforcing the bracing. 

The remedy for No. 4 is in the periodical inspection of the cooling 
medium, whether oil, air, or water, or combinations of these, and the 
removal of the cause—such as an obstruction in the cooling tubes of a 
water-cooled transformer, an obstruction in the oil pipes of a forced 
oil-cooled transformer, or an obstruction in the air ducts of an air¬ 
cooled transf ormcr. 

Cause No. 5 is probably the cause of the greatest number of 
transformer failures and may be due to several of the other named 
causes. A short circuit of short duration may not do much damage, 
but if it is allowed to remain with the voltage impressed on the 
windings, a current several times greater than full load current will 
flow* in the windings and burn them out. A short circuit in the 
windings of one of the units of a three-phase bank of transformers 
will increase the voltage across the two lines adjacent to the short 
circuit by the Vd, as shown in Fig. 23. This diagram illustrates a 
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bank of step-up transformers connected star on the low-voltage 
side and delta on the high-voltage side. The result of the short 
circuit is that the phase displacement is changed from 60 degrees to 
120 degrees, as shown by the vectors, and the two outside trans¬ 
formers are connected in reversed open delta. 



NORMAL VOLTAGE 



short cmurr voltao&s 

Fig. ilif. Tmnsformrr Voltngr* Obtained with One Transformer 
Short Circuited 


The only remedy for cause No. 6 is in switching part of the load 
at a t ime on or oil*. 

Cause No. 7 is caused by faulty construction and the remedy is 
entirely up to the designer. This fault, however, seldom occurs in 
the field, since all apparatus is usually given a severe test before 
leaving the factory. 

In regard to cause No. 8, where a transformer is operated at a 
low temperature, “breathing” is prevalent. A transformer will not 
breathe or sweat if operated at a temperature not lower than 10 
degrees cent igrade. 
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Cause No. 9 is due to condenser effect, either between adjacent 
coils, adjacent layers, between high- and low-voltage windings, or 
between the windings and ground. The remedy for this cause is to 
stabilize the effect by introducing static or rotary condensers into 
the system. 

The remedy for cause No. 12 is in properly governing the speed 
of the prime mover. 

Cause No. Id is due to unequal voltage in the various units 
of a bank of transformers. If the taps are too high in one of the 
units, the voltage of that unit will be greater than in the others, with 
the consequence that the current will also be greater, and thus this 
unit will carry a greater proportion of the load. 

Where two or more banks of transformers are paralleled, if the 
reactance of the various banks is not the same, tin* bank or banks 
having low reactance will carry more load than th'dr capacities will 
allow. Introducing more reactance in the low-reactance bank or 
banks will remedy this fault. Fig. 24 shows the connections for 
paralleling two banks of transformers having different values of 
reactance. The reactances are connected in the low voltage delta 
of the low reactance bank. 

In regard to cause No. 14, it might be added that the voltage 
strain between high- and low-voltage windings is equal to the sum 
of the two voltages, but since the sum of the two seldom exceeds 
the breakdown voltage test applied to the transformer, a breakdown 
from this cause alone is seldom encountered, providing the normal 
primary voltage is not exceeded. If, however, the primary voltage 
is exceeded through the crossing of the primary lines with other 
lines carrying higher voltage, the effects may be disastrous. 

In regard to cause No. 15, if two transformers are connected 
with their polarities reversed, the one will buck the other, i. e., they 
are both practically short circuited and the result is the windings 
will become roasted and ruined in a very short time unless remedied. 

Next to cause No. 5, cause No. 16 is the cause of the greatest 
number of transformer failures. Where the neutral is grounded on 
a star-connected three-phase bank, a ground on any of the phases 
short circuits the windings and puts the entire bank out of commis¬ 
sion. With the star connection, the voltage between the windings 
and core is 57.7 per cent of the impressed line voltage. The insulation 
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of the windings need not be greater than 57.7 per cent of that re¬ 
quired for full line voltage but most manufacturers insulate for full 
line voltage, since it makes the transformer adaptable for othei 
connections. 

With the neutral ungrounded on a star-connected bank, the 
voltage from line to ground is normally 57.7 per cent of the line 
voltage, but with one line grounded, the neutral is liable to shift, 
with the result that the voltage between the ungrounded lines and 



ground is increased to full-line voltage. The unbalance thus caused 
results in unequal heating of the various units and disturbance to 
the secondary network. 

With a ground on a delta-delta bank, the maximum insulation 
stress to ground is the normal line voltage. When the middle point 
of one transformer only is grounded, the difference in potential 
between this point and the phases next to the grounded phase is 
one-half the line voltage, while that in the remaining phases is one- 
half voltage times Vd. 

The maximum voltage strain in the case of a ground on either 
phase of a two-phase system on the high-voltage side in a four-wire 
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distribution is exactly the line voltage, but a ground on either line 
and a short circuit between two phases may cause insulation stresses 
equal to line voltage times V2. 

With two-phase three-wire distribution, the maximum voltage 
strain in the event of a ground on the low-voltage windings is the 
low voltage times y/2. If the middle wire is grounded, the voltage 
is limited to the low-tension voltage only. 

Breakdown of high-voltage bushings. This may be caused from 
faulty construction of the bushing, from moisture, or other foreign 
matter. If a bushing becomes cracked, particles of dust may enter 
the break and form a path to the transformer case. If moisture is 
allowed to gather on a bushing the same tiling may happen. If the 
oil level is allowed to become low, so that the terminal board is 
exposed, a path may be formed through carbonization of the board 
if constructed of wood, or the presence of moisture may cause a 
path if built of any other material. Care should be exercised that 
the terminal boards are perfectly clean before putting a transformer 
•into service, and the oil level should never be allowed to a level when* 
the board is exposed, where the transformer is an oil-cooled or oil- 
insulated type. 

CARE AND MAINTENANCE OF RELAYS 

The various uses to which relays can be put make them one 
or the greatest links in the chain of hydroelectric equipment, and on 
the proper functions of these relays depends the continuity of service 
which a hydro plant can give. 

In order to protect properly a hydro system by means of relays, 
the following are the main considerations: 

(1) To maintain service over the greatest possible portion of the system 
under ail conditions 

(2) To disconnect only the line or apparatus in which a fault may develop 

(3) To disconnect the faulty section from the remainder of the system in 
the shortest possible time in order to prevent trouble due to voltage drop over 
the healthy part of the system, which might cause the synchronous apparatus 
to drop out of step 

(4) To prevent injurious heating due to short circuits or overloads 

(5) To protect the apparatus from line surges and lightning discharges 

In order to protect properly the apparatus, the following are the 
duties of the relays: 

(1) Over-current protection of rotary converters, rotary condensers, fre¬ 
quency changers, motore, alternators, power transformers, etc. 


237 



48 


HYDROELECTRIC MACHINERY 


TABLE III 


Troubles of Transformers 


Symptom 

Trouble 

Cause 

Remedy 

1. Temperature 
rises to the 
danger point 
on oil-cooled 

(a) Overload 

(aj Overload or 
low power 
factor 

(a) Reduce load or increase the power 
factor of the system. A 100- Kw. 
transformer at 80% power factor 
is fully loaded at 80 Kw. 

transformer 




(b) Not sufficient 
oil in tank 

(b) Due either to a 
leaky tank or 
not sufficient 
oil when in¬ 
stalled 

(b) Add more oil and weld tank. 

(Notk: The core and coils should b» 
fully immersed in oil.) 


(c) Oil jellied 

(c) Excessive heat 
(Notk: In a case 
of this kind t he* 
windings will he 
roasted and the 
insulation practi¬ 
cally ruined.) 

(c) If insulation is not damaged, flush 
the tank with new oil until all the 
old oil is removed, and then refill 
tank with fresh oil. 

2. Temperature 
rises to the 
danger point 
on oil-cooled 

(a) Overload 

(a) Overload or 
low power 
factor 

(a) Reduce load or increase the power 
factor of the system. A 100-Kw. 
transformer at 80% power factor 
is fully loaded at 80 Kw. „ 

transformer 




lb) Not enough 
volume of air 

(b) Blower speed 
too low or air 
ducts clogged 

t b) Speed up blower, ("lean air ducts. 

(Notk: In cleaning air duets, care must 
he exercised. If compressed air is used, 
do not impress full voltage on windings 
immediately after, as there is alwav- 
more or less moisture in compressed air. 
Voltage of not more than double the 
secondary or low voltage should lie im¬ 
pressed on the high-voltage winding and 
the low-voltage winding short circuited. 
A transformer thus treated may he put 
hack in service in about five hours.) 

3. Temperature 
rises to the 
danger point 
on water- 
cooled 

!<ai Overload 

•a) Overload or 
low power 
factor 

da) Reduce load or increase the power¬ 
ful* tor of the system. A 100-Kw. 
transformer at 80% power factor 
is fully loaded at 80 Kw. 

transformer 





(b) Not enough 
water flowing 
through '•ooling 
coils 

(b) lYessuro low ! 
or tubes ob¬ 
structed 

«b) Increase rate of water flow. If 
tubes are obstructed, clean with a 
solution of caustic soda and water. 


tc) Oil level below 
j cooling coils 

'.<*) Oil leakage 

around water | 
inlet I 

- c) Stop leak and fill tank with fresh 
oil which should fully immerse, 
cooling coils. 
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TABLE III -Continued 
Troubles of Transformers 


S\ mptom 


I rouble 


CiUSt 


lurm 1\ 


d> No vtater flow 

mg thn ugh 

cooling toils 


I 

() Oil s ipnn fit (1 
on outfit i f 
J toiling coils 


(1) ('noting coi 

plugged 


ol) K*nuni obstru< turn w ith wate r or 
air prt ssuro up to -V) lbs per sq 
i! but no more as < oils are likel\ 
t»b» danugtd Whtrt water con 
t tins him or other impuntus the 
tooling t nls ahouhl be tit mod at 
U nt t \t r \ st\ months w ith a ttolu 
tion of t |ual puts of \\ iter ami 
h\ Irot hlorio and 1 h s m ution 
sh nil 1 bt allow ed to st md for not 
nu*rt than an ho ir anti aturwards 
flushed out with clt in water 


t) Iransfornur <j If oil dot not softe b\ t»\ei 
op rites! it t >»' In itmg the tooling toils should uo 

low tempt rt i u mow da 1 stra|H‘d 

tun 1 


4 'Imunriturt 
rise s to the 
danger point 
on tr ms 
fornn r a id 
t\plo s ills 
occur in 
tr uisformt r 
tank 


i\) Murtcuiuit 
bt tw ts n ad 
jat t nt 1 in »i s 
of hi h Noltugt 
windings 


](a) Mo stun mot 
I or n i r in t ast 
I of air tookd 
transformt r 
Moisture in oil 
Hi i\ b( (iut to 
a l< ik in the 
t oolmg roil or 
to bn ithing 
lire ithing or 
sw t it mg is 
cium d fmm 
opentmg the 
transform! r in 
a damp lot i 
ti >n at too low 
a t< mperatun 

S i» H IMI 
I r*t rc c f i 
t r i xf nnr 
t-1 lint full 
1«1 w 10 I trie 
( < ntigra 1 


(a) Iest for moisturi in oil Mtasuro 
the breikdown \oltage required te» 
forte a spirk tl niugh a gap lie 
tween two brigsa balls mum ist d m 
the oil Oil that is fine from 
moisture should haNt abrt ikdown 
test of voltage of 2 r t IKK) volts 
wht n bilk an 0 1 r > mt h apart 
\N hire this appiritu is not avail 
able the following test tan be 
nnd< lit it a ft w trvst ilsof cop 
ptr sulphite (blut vttrol; on a hot 
plite until the trvst il turn white 
1 al t a smill bottle ami fill with 
till from the bottom of the trans 
fornur tank as this is where the 
moisture will toll tt, and drop a 
ft w gr nns of tin ht ited vitrol m 
tht tnl Shikt wt 11 and if the re is 
anv moi ton in tht oil the solu 
t on w 11 turn I bit If tht re ih no 
moist um f it will rtmain a neutral 
to! >r * 


*In e» Um« imuni It of 11 > t!t lx st in tl list u« 1 1 i fc *1 is t ilx ( 1 tl i w J hi 11 in tin hand by 
thi ti unit nurtli < jx nit p Wlioi tit tulx ik f illv liimirs 1 r m \« tin 0 uni an i allow thr tulx to 
4 fill Afc.au pi« tin tl irnh t v r t tr t< [ ik rinp m I a tllr tw u 1 tl I will r< tu m in tin tulx* 

* If m wlurt bpr snf |ixstl#t Ml i,.h a hlttr jr •** wl tl t< tiroth f a n milxr of wetw tin of filter or 

bit ttin*. imjx r H e iron *1 bin rt r wstn of «» x < ti hh < f * xk' rI tthtrittd fl II t tier kn< wt t f t at h 
Mfti ii is al* jt 0 "> lit m! h f r tii at a jriMsirt ip to l >0 lto jk r t» j in an i thr hint rMjuirtt] for a larpt 
tr» sf run r i«. fr m f nr t fi\ ht art 11 < transf rimr nt« 1 i t Is t tkt n out if nt rviu wink the oil la lx nip 
filferci un t ns it s 1 ftttu 

B f rt ti tmptli r Mfa hfcctiw tr nun »rmt r tin trannf< rm< r t u 1* laktr tutofaervire anti tht romt* 
rfftmnt i n pti dtltaiftii trnsf rrn rl ink ro hltat nntrtt i If at ir tomitrit J all tranaforrnt ra m the bank 
lac mt in prra’ivt \\ 1 i priin, tw > transforms m on t i**n kha tht load «hou! i U reduced to 58 ptr cent 
of the load t irn* J b\ t l i original Ixmk 


230 



50 


HYDROELECTRIC MACHINERY 


TABL£ III—Continued 
Troubles of Transformers 


Symptom 


Trouble 


Cause 


(b) Short circuit 
between high- 
and low-voltage 
windings 


(b) (1) Insulation 
broken down 

(2) Insulation 
punctured due 
to line surges 


(b) 


(3) Shifting of 
coils due to 
switching on 
and off of heavy 
loads 


(4) Not enough 
insulation on 
the end turns, j 
These should 
have from 2 to 
5 times greater 
insulation than 
the inside turns 


(5) Electro¬ 
magnetic 
stresses too 
great, due to 
improper core 
construction 


(6) Transform¬ 
er coils not 
properly baked 
before assem¬ 
bling 

(7) Lightning 
discharge with¬ 
out protection 


(S) Oscillating 
currents, caused 
by conductors 
swinging to¬ 
gether due to 
wind storms 

(3) Unstable 
voltage; gener¬ 
ator voltage not 
steady 

(10) Insulation 
roasted by con¬ 
stant overhead I 


Remedy 


(1) Replace sections of winding 
causing the trouble. 

(2) Replace sections of winding 
causing trouble. 


(3) Replace sections of winding 
causing trouble. 


(4) Replace sections of winding 
causing trouble and reinsulate end 
turns to proper thickness. 


(5) Transformer will need to be 
returned to factory to be rebuilt.' 
This trouble will seldom be met 
with. 


(0) Short circuit secondary and 
impress twice secondary voltage on 
primary windings. 


(7) Repair damaged coils or re¬ 
place with new coils. 

(N»*tk'. AH transformers should be pro¬ 
tected by having choke coils or reactors 
in series with them.) 

(8) Replace sections of winding 
causing trouble. 


(9) Replace sections of winding 
causing trouble. 


(10) Replace sections of winding 
causing trouble. 
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TABLE III—Continued 
Troubles of Transformers 


Symptom 


Trouble 


Cause 


Remedy 


(c) Ground be- he) (l) Lightning ;(c) 
| tween low volt- j discharge j 
age winding and 
core 

(2'j Insulation 
breakdown due 
to line surge or 
shifting of coils 


(0 Repair damaged coils or re¬ 
place with new coils. 


(2) Repair damaged coils or re¬ 
place with new coils. 


(d) Short circuit onul) 
terminal board I 


Moisture in oil 


jvd.) 


Remove board, bake anti re-varn¬ 
ish. Pass oil through a filter press. 


(e) Short circuit 
between hign- 
or low-voltage 
bushings 


ie) 


Rushings brok¬ 
en or cracked 


ie) 


KepLcc bushings. 


(f) Improper di¬ 
vision of load 


(o 


Parallel opera¬ 
tion of trans¬ 
formers with 
different char¬ 
acteristics 


<o 


Transformers which are to be 
paralleled should have the same 
characteristics. If one bank has a 
high reactance and it is desired to 
parallel it with a bank having a 
low reactance, reactance coils must 
be inserted between the two banks. 


(g) Low-voltage 
windings 
punctured 


(B) 


(1) Ground on 
high voltage 
side of an un¬ 
grounded neu¬ 
tral delta-delta 
system 


(K> 


(2) Ground on 
high voltage 
side of a delta- 
delta system 
with the low- 
voltago neutral 
only, grounded 


5. Unequal 
heating in 
bank of star 
connected 
transformers 
with the 
neutral 
grounded 


Ground on one 

Defective insu- 

phase 

lation in trans¬ 
former or 


ground on line, 
due to defective 


insulators, dead 
birds, kite 


strings, or 
other obstruc¬ 


tions 


(1) Remove ground, repair low- 
voltage windings, and ground both 
high- and low-voltage neutrals. 


(2) Remove ground, repair low- 
voltage windings, and giound both 
high- and low-voltage neutrals. 


Disconnect the bank from service 
immediately, since a trouble of 
this kind short circuits the bank. 
(None: The insulation between the 
winding* and core i* limited to a voltage 
of 57.7 % of the line voltage with a star 
connection; and if one phase or line is 
grounded, the voltage between the 
ground and the remaining two circuits 
in increased to as high as full line volte 
age in some caaew.) 
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TABLE III—Continued 
Troubles of Transformers 


Symptom 

Trouble 

Cause Remedy 

6. Unequal 
beating in 
bank of 
transformers 
connected 
star primary, 
delta second¬ 
ary 

Ground on one 
of the primary 
phases 

Defective insu¬ 
lation in trans¬ 
former or 
ground on line, 
due to defective 
insulators, dead 
birds, kite 
strings, or 
other obstruc¬ 
tions 

Disconnect the bank until the 
trouble is removed as the bank 
cannot be operated on open delta, 
since if the secondary winding of 
the grounded transformer is short 
circuited, the voltage between the 
two outside lines w ill be increased 
by the line voltage times -^3 

7. Voltage not 
the same in 
all phases of 
a three- 
phase bank 
of trans¬ 
formers 

! 

fa) Ground on one 
phase of a bank- 
connected star- 
delta. The 
voltage between 
two of the lines 
will be the volt¬ 
age between 
the other two 

times V 3. 

(h) One transformer 
burking the 
other two 

(a) Broken insula¬ 
tor on line, line 
in contact with 
some obstruc¬ 
tion leading to 
ground, de¬ 
fective insula¬ 
tion in trans¬ 
former, bushing 
punctured, and 
terminal 
grounded 

■(h) One transformer 
connected so 
that its polarity 
is opposite that 
of the others. 

If not cleared 
soon after 
noticed one or 
more of the 
transformers 
may burn out 

(a) Cut out the bank on which the de¬ 
fect occurs and remedy by remov¬ 
ing cause of ground, replace insu¬ 
lators, bushings, or section of 
winding causing the trouble. 

(b) Change the polarity of the trans¬ 
former causing the trouble. To 
test polarity, connect the primaries 
in parallel and the secondaries in 
parallel, with a fuse in series with 
the secondary windings. If trans¬ 
formers are of opposite polarity, 
the fuse will short circuit one 
transformer on the other and will 
consequently blow. If the fuse 
blows, interchange the leads and 
test until the fuse does not blow, 
when the polarities of all three will 
be the same. 

8. Voltage too \ Wrong ratio 

low 

Leads not con¬ 
nected to prop¬ 
er ratio taps 

Raise the taps to one higher, or 
until the voltage is correct. 

i 

9. Voltage too 
high 

Wrong ratio 

‘•<al Leads not con- 
! nected to proper 

| ratio taps 

\h) Transformers 
paralleled that 
have different 
ratios 

j(a) Lower taps until voltage is correct. 

■\u Change ratios until all transform- 
| ers are the same; or if this cannot 

j be done, replace transformers. 
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(2) To prevent automatic opening of oil circuit breakers in case the cur¬ 
rent is above the interrupting capacity of the breaker 

(3) Internal troubles of power transformers 

(4) Internal troubles of alternators 

(5) Single-phase operation or unbalanced load in three-phase alternators 

(6) Unequal division of the load of alternators due to loads of prime 
mover 

(T' 1 Phase reversals 

(8) Under-voltage protection of apparatus shown in No. (1) 

In order to protect properly the feeders, the following are the 
duties of the relays: 

(1) Over-current protection of lines 

(2) To prevent the circuit breakers from automatically closing on the 
third operation. (Noth: Automatically-eontrolled circuit breakers will try to 
close three times. If a short circuit or excessive load persists on t he t bird attempt, 
the relay locks the breaker open and it cannot be closed un-.il ihe line is cleared.) 

p3) Under-current or opcn-circuit protection for circuits energized by 
const ant -current t ransformers 

(4) Over-power protection to disconnect, lines in east 4 the power exceeds a 
p red etc rrn i net 1 value 

(5) Under-power protection to disconnect lines in case power falls below a 
pred c I e rin i n ed value 

(6) To protect against a fault, in a single line 

( 7 ) To protect against faults in two parallel lines 

(8) To protect against faults in three or more parallel lines 

(9) To protect against reversal of normal power in the lines 

Note: Reverse power relays are used in the. last four instances. 

Thus it can he readily seen that relays are the nervous system of 
a hydroelectric or any other system. 

Testing relays 

In order to determine whether a relay is functioning properly, 
it should he frequently tested. The various tests of relays include 
load, current, voltage, temperature, and timing. 

All excess-current, under-current, and reverse-power relays 
depend on overload or underload for operation. An underload relay 
may he tested by simply reducing the load; hut an overload relay 
cannot always he tested by overload, since the loaf! is usually fixed 
and an overload only occurs when the circuit is short circuited. 

Owing to the fact that when a circuit is in use, it is seldom 
desirable to interrupt it by imposing a short circuit and also, due to 
the effect of a short circuit on the switching equipment, it is unde- 
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sirable. In order to test a relay without interfering w ith the service, 
several methods are used, the most practical being given here. 

The connections showm in Fig. 25 are for a load test using a 
separate load and trip circuit. The relay under test is disconnected 
from the trip circuit and current transformers and the transformer 
leads short circuited. 

Caution: In connection with current transformers, care must be taken in 
opening the secondary circuit, as dangerous currents build up in them when 
open circuited. These currents are not only dangerous to the life of the operator 
but to the station equipment. 

Near the secondary leads of a current transformer there will be 
found two bare wires, w hich are the ends of a piece of bare conductor 



embedded in the insulation. Before attempting to disconnect a 
current transformer, these ends should be firmly connected to the 
two secondary terminals, and under no consideration should they 
ever be removed w hile the secondary circuit through the relays and 
other instruments is open. 

Note: When a new current transformer is received from the factory, never 
cut or remove these bare leads, since as long as they are in evidence it will give 
some indication of what they are used for. 

Another method of testing, w here the relay is not disconnected 
from the circuit* is shown in Fig. 26. In this test, the load is dis¬ 
continued and the line must not be energized, in other w r ords, it 
must be dead. 
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The load in each of the above tests may be supplied by a bank of 
lamps connected in parallel, the number being varied by simply 
removing one or more from their sockets; or by means of a carbon 
rheostat, a standard wire resistance, a water rheostat ; or by a phan¬ 
tom load box. The resistance must be variable so as to vary the 
load. 

In testing a relay, the time may be taken by a stop watch or 
bv a cycle counter, the latter method being more reliable. The 
time is taken from the instant the load is switched on the relay until 


i 



Fig. 20. Connection* for Testing Kciay without Disconnecting 


the contacts of the trip circuit close or open as the case may be, and 
again when the relay resets itself or attains its normal position. 

The cycle counter, the elements of which are shown in Fig. 27, 
consists of a self-winding clock similar to those used in Westinghouse 
graphic meters, in which the pendulum is replaced by a polarized 
relay. An indicating pointer is attached to the pendulum escape¬ 
ment wheel W and moves over a scale. The escapement bar at B 
allows the wheel to move one tooth at a time, as in an ordinary 
clock. Attached to the escapement bar is the armature, which is 
polarized by the magnets M and M 1. The magnetic circuit is formed 
by the coils C and Cl, which attract and repel the armature. 

During the first half cycle the current is applied, the current 
flows in the coils at X and out at Y, and the right-hand end of the 
bar is repelled while the left-hand end is attracted. During the 
second half cycle, the current flows in at Y and out at X with the 
result that the left-hand end of the bar is repelled and the right-hand 
end attracted, and the wheel moves ahead another notch. 
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Fig. 27. C'oniM'ctioiiH of u Cycle Counter 


LOW VOLTAGE 

Acr&src/*v*r 



LOAD 

Fig. 28 . Connections for Timing a Circuit-Closing Relay with a 
Gvrle Counter 
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Fig. 28 shows the connections for timing a circuit-closing relay. 
The relay is disconnected from its circuit and connected to a low- 
voltage alternating-current test circuit. The load may he any of 
those mentioned previously and the circuit is provided with a switch 
for quickly putting the load on or off. The counter is also provided 
with a switch, as shown in the diagram. When all the switches are 
closed, the counter revolves until the relay contacts close, short 
circuiting the escapement magnets and stopping the counter. The 
time delay of the relay is then found by dividing the cycles indicated 
by the instrument by the number of cycles or normal frequency of 


ACTEST CIRCUIT 



Fig. 29. Connections for Timing n Circuit-Opening l'felay with a 
Cyrli* Counter 


the circuit, i. e., if the frequency of the circuit is (>() cycles and the 
instrument indicates 90, the time delay or the time taken by the 
relay to trip the breaker under normal conditions is 90-f-GO, or l | 
seconds. 

Fig. 29 shows the connections for timing a circuit-opening relay. 
In this connection, the same procedure is followed as in the circuit- 
closing relay, only the counter stops when the relay contacts open. 

Fig. 30 shows the connections for testing a voltage relay from 
the existing circuit, while Fig. 31 shows the connections for testing 
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from a separate circuit. In these tests a potential transformer which 
may be used to either step up or step down the voltage is used, and 



Fig. 30. Connections for Testing a Voltage Relay Direct from 
the Circuit 



Fig. 31. Connections for Testing a Voltage Relay from a Separate Circuit 


the variations of voltage between the standard ratio taps is provided 
for by means of an adjustable resistance in shunt with the line. 
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Adjusting relays 

Generally speaking there are only two adjustments to he made— 
the current or overload adjustment and the adjustment to the timing 
element. 

The current rating of the plunger type relays is adjusted by 
raising or lowering the plunger of the solenoids. This is done by 
turning the nut at the bottom of the plunger casing in the General 
Electric types, and by turning the plunger which is threaded on the 
stem in some of the other types. 

The current rating of the induction type relays is adjusted by 
increasing or reducing the tension on the spiral spring which compen¬ 
sates or opposes the torque of the instrument. These relays which 
have a torque compensator may be adjusted by changing the position 
of the compensator in relationship to the base, which diverts the 
leakage flux and changes the current rating. 

The time delay of the bellows type plunger relay is adjusted and 
changed by opening or closing the air-vent needle valve at the top of 
the instrument. The leather of the bellows should be kept pliable 
by the use of neat’s-foot oil, as unpliable leather interferes with the 
functioning of the relay. 

The time delay of the oil-lagged plunger type relay is adjusted 
by turning the dashpot piston so that the holes coincide in order that 
the oil may pass more freely when the time is to be shortened, and 
adjusted so that the holes close when the time is to be lengthened. 
Using a lighter or a heavier grade of oil also quickens and retards 
the time of this type. 

The time delay of the induction type relay is adjusted by moving 
the magnets in respect to the disk. When the time is to be shortened, 
the magnet is moved toward the center of the disk, and when the 
time is to be lengthened, the magnet is moved toward the outer 
edge of the disk. In no case, however, should the magnets be moved 
greater than | inch inside the outer edge of the disk. 

Troubles of relays 

Table IV covers the troubles usually encountered in relays, which 
as a general rule give very little trouble. So closely allied are relay 
troubles to those of oil circuit breakers that these troubles are also 
covered. 
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TABLE IV 
Troubles of Relays 


Symptom 

Trouble 

Cause 

Remedy 

1. Circuit i 

breaker does 

(a) Timing ele¬ 
ment defective 

(a) Air vents closed 
too tightly 

(a) Open air vents slightly. Oil the 
bellows with neat’s-foot oil. 

not open 
when load 




reaches a 
point con¬ 
siderably in 
excess to 
normal relay 
setting 

(b) Plunger of 
plunger type 
relay jammed 

(b) Heat from re¬ 
relay coil 
buckling the 
case in which 
the plunger 
moves, prevent¬ 
ing it from 
moving 

(b) Replace coil with a new one. 


fc) Disk of induc¬ 
tion type relay 
rubbing or out 
of place 

(c) Disk jewels 
broken or out 
of place, due to 
vibration 

(c) Renew jewels. 


(d) Grease or dirt 
on relay con¬ 
tacts 

(d) "Relay cover not 
dust proof 

(d) Remove all dust and grease. 

U. Circuit 
breaker 
opens im¬ 
mediately on 
overload al¬ 

(a) Air escapes too 
freely from 
bellows of 
plunger type 
relay 

(a) (1) Hole in 
bellows 
(2) Air vent 
open 

(a) (1) Replace or patch bellows. 

(2) Close air vent. 

though a cer¬ 



(b) Readjust position of magnets and 
tighten all screws. 

i 

tain time de¬ 
lay was given 
the relay 
when last set 
and inspected 

(b) Magnets out of jib) Adjusting me- 

adjustment in j chanism loose 

an induction 1 or broken by 

relay vibration 

3. Overload re¬ 
lay does not 

ia) Contact circuit 
broken 

it a) Accident or 
j carelessness 

ta) Repair. 

function al¬ 


! 


though the 
relay itself 
is in perfect 
condition 

(b) Circuit between 
relay and cur¬ 
rent trans¬ 
formers open 
iNotb: This will 
result in burning 
out the current 
transformers.) 

;tl>) Accident or 
carelessness 

(b) Repair. 


id Hattrrv out of 
commission on 
D.C. trip or 
circuit closing 
relay 

(c) Dry cells or 
storage battery 
not inspected, 
renewed or re¬ 
charged often 
enough 

| 

to) Renew dry cells. Recharge stor¬ 
age battery. 
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TABLE IV—Continued 
Troubles of Relays 


Symptom 

Trouble 

Cause 

Item inly 


(d) Auxiliary or 
pallet sw itch 
does not open 
when breaker 
is closed 

(d) Faulty switch 
mechanism 

(d) Repair mechanical defect 

4. Circuit 
breakers will 
not stay 
closed where 
two or more 
are electric¬ 
ally inter¬ 
locked 

(,a) Contacts on 
circuit closing 
auxiliary switch 
do not make 
contact 

(b) Fuse on closing 
coil blown 

(c) Open circuit in 
closing coil or 
circuit 

(a) Contacts bent 
or burned or 
contact toggle 
too tight 

(b) Short circuit in 
coil or circuit 

(c) Due to short 
circuit or me¬ 
chanical defect 

(a) Repair or replace contacts. Loosen 
and oil toggle. 

(b) Install new coil and replace fuse. 

(c) Repair circuit or coil. 

5. Circuit 

breakers will 
not open on 
overload 
where two or 
more are 
electrically 
interlocked 

Contacts on 
circuit opening 
auxiliary switch 
do not make 
contact 

Contacts bent 
or burned or 
contact toggle 
too tight 

Repair or replace contacts. Loos¬ 
en and oil toggle. 

6 . Circuit 
breakers 
open when 
underloaded, 
when pro¬ 
vided with 
under-volt¬ 
age coil, and 
none of the 
foregoing de¬ 
fects are 
apparent 

Circuit, to volt¬ 
age coil open 

lilown fuse or 
break in wiring 

Repair break or replace f use. 


i 
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CARE AND MAINTENANCE OF LIGHTNING ARRESTERS 

Lightning arresters used in the protection of hydroelectric 
equipment are either of the electrolytic or the oxide-film types. The 
first type requires a considerable amount of attention while the 
latter type requires only a periodical test. 

Electrolytic arresters should be taken down at least every four 
years, since the electrolyte deteriorates with age and use. The 
following points should be thoroughly understood and precautions 
taken in either setting up a new arrester or reconditioning an old one. 

Taking down and reconditioning lightning arrester 

In taking down an electrolytic arrester, the arrester is discon¬ 
nected from the line and the tanks stripped of all connections. The 
covers are next removed and the stacks lifted from the tanks and all 
oil and electrolyte poured from the cones. The top braces holding 
the brass conductor which are fastened to the posts are then removed 
and the cones lifted off one at a time. As soon as a cone is removed, 
it should be inverted and the insulating spacers placed upon it. The 
next cone is then removed and placed over the first but rest ing on the 
spacers. The remaining cones are treated in the same manner until 
all are removed. The cones and spacers are next washed in warm 
water mixed with castile soap or with plain naptha, the former being 
the better of t he two. In handling the cones, handle by the rims only. 
As fast as the cones and spacers are washed and dried they are 
mounted in the stack again, but before mounting they should be 
examined for pits and burned spots. Never scrape a cone. When 
the stack is complete, it should be immediately filled with electrolyte 
which should be received fresh from the factory. The electrolyte is 
placed in the cones by means of a filler, Fig. 152, supplied by the 
factory. 

The glass cone filler A is filled with electrolyte and the tube 
from the container allowed to fill by holding it below the level of A. 
When filled, the pinch cock D is closed and the tubing inserted in the 
container. This allows the electrolyte to be siphoned from the con¬ 
tainer. The glass tube B should be at a height in A for the proper 
amount of liquid for each cone section, depending on the distance 
between cones, as shown in the diagram. Close pinch cock C and 
open D until the liquid is the proper height and then close D . Insert 
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the tube between the stacks, starting at the bottom and open C. 
When A is empty, move the tube E to the next cone and repeat the 
operation until all the cones are filled. As each cone is filled, it 
should be checked. A spring clip clothes pin answers this purpose. 

If a cell is filled twice, the excess should be siphoned out. This 
as well as a non-filled cone will be readily determined when the cells 



Fig. 32. Apparatus Used and Method of Filling Com* Starks of Aluminum Cell Arresters 


receive their preliminary charge, as illustrated in Fig. 33. Care should 
be used that no electrolyte is allowed on the insulating separators 
between the cones, nor on the wooden rods supporting the cones. 

Testing an electrolytic arrester 

As soon as the cells of one stack are filled, each cell must be 
tested as shown in Fig. 33, to see that the films are properly formed 
and that no cell has been missed or filled twice. A sufficient number 
of lamps are connected to limit the current to 2 amperes when the 
cell is not in circuit. 

Starting at the bottom cell, a test plug is inserted between two 
cones of a cell. When contact is made, there should be a spark shown. 
If no spark is shown, the cell is empty, which will also be indicated 
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by no reading of the ammeter. When the cell is filming properly, 
the voltage should increase to practically full voltage across the cell 
and the current decrease from 2 amperes to .2 or .4 amperes, depend¬ 
ing on the frequency of the circuit. The cell should be left on circuit 
about 10 seconds, depending on whether the cell is new or has been 


LAMPS 



previously charged. In no case should contact be made long enough 
to heat the electrolyte. 

A double-filled cell will be indicated by taking approximately 
twice as much current as a properly filled cell. Each cell should be 
marked as in filling so that none may be missed. After completing 
the test of each cell, the whole stack should be tested by connecting 
one lead of the test circuit to the top cone and the other lead to the 
bottom cone. If no current indication or spark is shown, there is an 
empty cell in the stack. 

If a voltmeter and ammeter are not available, the lamps may be 
used to indicate the condition of the film. When the plug is inserted 
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between the cones, the lamps should at first burn at full brilliance 
and after 10 seconds testing should dim. If the lamps do not burn 
brightly at first, it indicates that the film is formed; and if they do 
not light, it indicates an empty cell. There is no way of telling if a 
cell has been filled twice by this method. 

500, 250, or 125 volts alternating current may be used for test¬ 
ing. The above data is for 250-volt tests. If the test voltage is 500 
volts, two cells must be tested in series each time. If only 125 volts 
is available, charging or film forming is not accomplished, uud only 
an indication of whether the cells are filled is had. 

If direct current only is available, the cones should be charged 
twice with the connections reversed each time; and when finished, 
the whole stack should be discharged to ground before it is handled 
on account of the high voltage which might be built up in the stack. 

As fast as the stacks are tested and charged, they should be put 
into the tanks and the tanks filled with oil. The oil should be 
filtered and either pumped in at the bottom of the tank or filled from 
the top. If it is filled from the top, it should be run in a tube to the 
bottom, so that it will not splash and force the electrolyte from the 
cells. The oil level should bo, such as to allow for expansion. The 
oil supplied usually has a coefficient, of expansion of ().()()(KS inches 
per lineal inch per degree centigrade. For arresters up to and 
including 50,000 volts, the oil level should be three inches from the 
top of the tanks. Above 50,000 volts, the level should be four inches 
from the top. 

Operation of electrolytic arresters 

As soon as the arrester is completely assembled, it should be 
immediately put into service and charged in order to keep the cone 
films in proper condition. The charging should be done six or eight 
times a day for the first day and three times a day for the remainder 
of the first week. After the first week, once a day is sufficient when 
the room or outside temperature is not excessive. In stations or 
outdoors when the temperature is excessive, the arrester should be 
charged twice daily. 

When charging the arrester, the time for each charge should be 
between 5 and 10 seconds and never greater, and the arc should be 
quickly extinguished, as a prolonged arc will heat up the electrolyte 
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and dissolve the film. If possible, the first charge should be at re¬ 
duced voltage. Practically the only way by which the voltage can 
be reduced with the average installation is by lowering the voltage 
of the alternators and gradually bringing the voltage up to normal. 
When charging the arrester, the condition of the film can be detected 
by the arc across the horns. If the arc is white and flaring and rises 
halfway or more to the top of the horns, it indicates excessive cur¬ 
rent. Usually this is the case with the first charge. As the film 
forms, the arc becomes less flaring and does not rise so high on the 
horns. • 

When the film is perfect and the arrester is in perfect operating 
condition, the arc should be reddish yellow in daylight and should 
extinguish before it reaches half the height of the horns. When 
the arrester has been charged, the horns are locked in their normal 
position, and care must be taken that they are not moved far enough 
to start an arc. To be sure of this, the operator must have a clear 
view of the gaps. If for any reason the horns are left short circuited, 
the oil and electrolyte will heat up and ruin the cells. 

Maintenance of electrolytic arresters 

The cones should be inspected at least once a year and during a 
time when electrical storms do not occur. When inspecting, the 
arrester should be disconnected and the cells lifted from the tanks. 
The excess oil should be siphoned off and the cells tested. If the 
cones show a normal condition, the stacks may be put back in service 
and the arrester charged. 

If some of the cells do not form film, these should be marked 
and the electrolyte removed. If the oil is carbonized or the cones 
pitted, it shows that the electrolyte has been excessively hot and 
probably boiled down. It might be necessary to remove these cones, 
but since' those at the top of the stack will be the ones usually affected, 
the work of overhauling is not great. If the cones are not pitted, 
they should be washed and dried, filled with new electrolyte, tested 
and charged, and put immediately into service. 

If, however, several of the cones throughout the stack show signs 
of abnormal conditions, it is necessary to take down the entire stack. 
When rebuilding the stack if any of the old cones are used, they 
should be mounted in the bottom of the stack and any new ones 
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should be mounted at the top. It is not a good practice to use old 
and new cones in the same stack unless only a very few new ones are 
required. It is much better to take down two stacks and build one 
entirely of the best of the old cones and the other stack of all new 
cones. 

Arresters should be periodically inspected for loose connections 
and broken or chipped insulators. They should be kept free from 
dust and oil. All iron work should be painted and the copper con¬ 
ductors and connections shellaced. The transfer mechanism should 
operate perfectly and the gap settings should be inspected and 
adjusted if out of adjustment. The ground connections are probably 
the most important items to watch and should be tested at regular 
intervals. A good ground element should not exceed 5 ohms. 

Testing an oxide film arrester 

Oxide film arresters are tested for deterioration with a vacuum 
tube testing device. The device consists of a calibrated gap in a 
glass vacuum tube or bulb mounted on a long stick of well-seasoned 
wood, with contacts which can be placed against the metal plates 
of the cell. 

The arrester when being tested is short circuited on the line, 
which causes a drop across the cells in proportion to their resistance. 
A cell of high resistance will have a large drop and will cause the 
bulb to glow. The cell then can be easily removed and a new one 
inserted. The above test is for arresters on voltages above 7500 
volts, as no satisfactory method has been found for testing those 
on lower voltages. 

Troubles of lightning arresters 

Very seldom is trouble encountered with oxide film arresters. 
If they are hit by a direct lightning stroke, they are usually ruptured 
completely and will need replacing; but as a direct stroke seldom 
reaches the arresters (nearly all discharges are induced), they seldom 
give any trouble. 

Electrolytic arresters on the other hand often develop trouble, 
although not always of a serious nature. The usual troubles en¬ 
countered are given in Table V, but if the arresters are given the right 
amount of attention, the trouble they will cause will be slight. 
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TABLE V 

Troubles of Electrolytic Lightning Arresters 


Symptom 

Trouble 

Cause 

Remedy 

1. Gaps con¬ 
tinue to arc 
when set in 
operating 
position 

Abnormal arc¬ 
ing 

(a) Too small gap 
setting 

(b) Gap electrodes 
out of shape 

(a) Increase gap setting. 

(b) Straighten horns to proper align¬ 
ment. 



(c) Voltage greater 
than normal 
due to crossing 
with higher 
voltage lines 

(c) Repair lines if crossed. 



(d) Generator volt¬ 
age too high 

1 (d) Adjust generator voltage. 


i 

fe) Films not prop-j 
erly formed 

(e) Examine cells and renew defective 
ones. 

2. Arc at horns 
or sphere gap 
too intense 

Kxcessive 
charging cur¬ 
rent 

i 

(a) Improper 
charging 

(a) Use proper method of charging in 
regard to time, holding the gaps 
on short circuit not longer than 5 
to 10 seconds. 



d>) Arcing ground 
on line at time 
of charging 

Cb) Locate and repair causes of ground 
or abnormal arcing. 



('<•) Electrolyte de¬ 
teriorated 

\ic) Renew electrolyte in cells. 

1 

3. A rumbling 
noise issues 
from tanks 

Arcing in oil 

va) One or more 
empty cells 

0>) One or more 
punctured cones 

j<,a) Fill cells with electrolyte. 

|(b) Remove and replace with new 
i cones, putting new cones at top of 

stack. 



(c) Electrolyte in 
contact with 
wooden rods or 
insulating 
spacers 

vc) Wash all traces of electrolyte from 
rods and spacers and see that 
same does not come in contact 
when retilling and assembling. 

4. Oil is thrown 
from tanks 

! Arcing in oil 

Mat One or more 
empty cells 

a) Fill cells with electrolyte. 



ih) One or more 
punctured 
cones 

(b) Remove and replace with new 
cones, putting new cones at top of 
stack. 



(,c) Electrolyte in 
contact with 
wooden rods or 
insulating 
spacers 

Wash all traces of electrolyte from 
rods and spacers and see that 
same does not come in contact 
when refilling and assembling. 
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TABLE V—Continued 
Troubles of Electrolytic Lightning Arresters 


Symptom 

Trouble 

Cause 

Remedy 



(d) Electrolyte be¬ 
comes heated 
due to pro¬ 
longed short 
circuit of horns 
or sphere gaps 

id) When this happens, the electrolyte 
becomes boiled down and it is 
usually necessary to take down 
the entire stack, clean each cone, 
renew any cones which may be 
punctured, or of which the film is 
gone, and refill and charge the 
arrester * 

5. A sizzling or 
crackling 
noise issues 
from the 
tanks 

Due to scintilla 
tion 

Voltage con¬ 
centration on 
any spots on 
the cell not 
properly filmed 

This does no real harm unless it is 
aggravated and becomes the same 
as symptom (L. Unless this hap¬ 
pens, no notice ne«*d be taken of 
this symptom. 

G. A sizzling or 
crackling 
noise issues 
from some 
part of the 
arrester out¬ 
side the 
tanks 

Leakage cur¬ 
rent 

(a) Dust, or moist¬ 
ure on insu¬ 
lators and re¬ 
sistance units 

lb) Cracked or 
chipped insu¬ 
lators 

(a) Clean insulators, frame work, and 
resistance units; and remove all 
traces oi moisture. 

ill) Renew defective insulators. 

7. Arcing at 
points of ar¬ 
rester me¬ 
chanism 
other than 1 
the horns 

(a) Loose or broken' 
connections 

ib) Broken ground 
connection 

'(a) Carelessness in 
assembling or 
due to pro¬ 
longed arcs due 
to short circuit 
ing of horns 

(b) (’orrosion or 
damage 

(a.) Repair loose connection and polish 
all contacts with sandpaper and 
shellac all current-carrying parts. 

(b) Repair break, first cutting the ar¬ 
rester from the line. The arrester 
is useless and also a hazard when 
the ground connection is broken, 
and therefore all ground connec¬ 
tions should be periodically in¬ 
spected and tested. One ground 
should never be depended upon, 
two or three being necessary. 


*ln taking clown the Starks of aluminum cell arresters, each cone should Ik; lifted from th<> Wooden support** 
separately, handling them by the rim only. The content is emptied out and the cell washed with gasoline or ivory 
aoap and water the latter being preferred) and thoroughly dried with fine cheese doth. Ah each cell or cone is 
finished, it in invert<~d with insulating spacers, which should also 1st washed and dried, lietwecji them. In thin 
manner the rone* will occupy the same position when again asHcmbled. The cells when assembled should lx' im¬ 
mediately filled with electrolyte to the height called for by the manufacturer, charged, and immediately put into 
service. 
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lightning.252-259 

oxide film.257 

Automatic synchronizing.175-182 

Automatic voltage adjuster, 

Swam.120, 127 

Automat ic voltage regula¬ 
tors..103, 104, 125 

Autotransformer type starter. . .91,93 

B 

Base* generating unit.49 

Battery charging.104-106 

Bat tery voltage.123 

Bearings.80 

Bel lows-type plunger relay.249 

Booster..121 

Breaker, circuit.182 

Bright synchronizing.171 

Brushes, commutator and.79 

Brush-shifting adjustable-speed 

motors. 66-70 

Burlington automatic synchronizer, 
type SN.178-180 
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Bus connection, equalizer.169 

Bushings, breakdown high- 

voltage.237 

C 

Capacitor calculations.86-89 

Capacitor motor 

high-torque.60-62 

low-torque.60, 61 

Noel.70,84,85 

single-phase.60-62 

Capacitors.85 

Carbon resistor.106 

Carbon-pile regulators 
w ith com p<>u n( 1-wounc! 

generators. . .107, 108 

control panel and.131 

controlling battery charge. . 107, 108 
cont rolling shunt-wound 

generator. 107 

one |H*r cent.129-131 

three per rent.129 

used for regulating voltage.. 105-109 

Choke coil.9 

Circuit breaker.182 

Circuit-closing relay.247 

Circuit-ojaming relay.247 

Circuits 

alternating-current.10, 11 

diverter.218 

handling.80 

in exciter armature 

windings. 201,211 

o|x‘ii. 211,215 

power factor for.9 

series field.101 

short.215, 216 

shunt tield.101 

single-phase.5, 6 

t hree-plwisc.7 

three-phase, three-wire.44, 45 

t wo-phase . . .6, 7 

two-phase, four-wire.43 

(’oils 

choke.9 

field.215,216 

stationary antihunting.112 

troubles of interpole held.216 

Collector rings for revolving coil 

armatures 21 

Combination rheostatic-vibrating 

voltage regulators 156-158 

Common regulator, unit exciters 

with. 185,186 

Commutator and brushes. 79. 200, 201 

Conqiensatod repulsion motor.59 

Compensating windings.167, 169 

Compensation 

crosscurrent. 183 


page 

Compensation —continued 

definition of.138 

of reactive current, auto¬ 
matic . . .*..183, 184 

Compound-wound exciter.216 

Compound-wound 

generator.101-108, 164-166 

Condensers.84, 113 

Connection, equalizer.164, 169 

Constant-sjxjed squirrel-cage 

motors.62, 63 

Control magnet, direct-current.154 

Control panel and carbon-pile 

regulator.131 

Controllers 

manually operated drum.91 

polyphase motor starters and. 89-94 

reversing magnet ic.90 

Controlling devises for alternating- 
current motors, starting 

and. .89-98 

("outiter, cycle.245-247 

(-ountereloctromot ive force.105 

Crosscurrent eoiiqx'iisation. . . 183, 184 

Current 

automatic compensation of 

reactive.1 S3, 184 

field.182, 183 

in phase, voltage and.8, 9 

out of phase, voltage and.9 

Current regulation, voltage ami. . . 79 

Current-responsive winding.107 

(’urrent wave.8 

Curves 

sine.3, 4 

voltage.4 

Cycle, voltage*.1 

( yele counter.215-247 

I) 

Damper winding.13, 188 

Damping transformer.118, 147 

Dark synchronizing.171 

I >c 11 a -o< >n nec t ed -1 h ret *- w i ri * 

system. . .19,20 

Diactor regulator, General 

filed ric.118-120, 132-136 

Diactor rheostatic stacks. 133 

Diesel engine generators..28-30 

Diesel engines as prime movers.50 

1 firect-conneded exciter.73 

Direct-current control magnet. . . .154 

Direct-current exciters.12 

Direct-current generators 
equipped with voltage 

regula t ors.166-169 

voltage regulation of.101-123 


Direct-current series-wound motor. .58 
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Direct-current voltage 4 regulators. .119 


Discharge resistor.96 

Distribution system.46 

Diverter circuit.218 

Drum controllers, manually 

operated.91 


Drum switches, manually operated.95 


E 

Edison system.14, 15 

Elect roly t ic arrester 

maintenance of.253-255 

oj>eration of.255, 256 

testing.253-255 

Electronic synchronizers using 

time-delay relays.180-181 

Electronic tvpo 

regulator.125, 126, 159-162 

Engine, reciprocating steam.49 

Engine-driven alternator.27, 28 

Engine-driven 

generators.27, 28, 187-189 

Engines, Diesel. 28 -30, 50 

Equalizer connection.164, 169 

Excitation systems using voltage 

regulators.US4-187 

Exciter armature windings, short. 

circuits in. 201,211 

Excders 

cart* and maintenance of... . 199-218 
with common regulator 

unit..185, 186 

compound-wound.216 

direct-connected.73 

direct-current.12 

operating.216-218 

for revolving field alternator.26 

shunt-wound.216, 217 

troubles of.201-210 

External regulating devices.. . 103-120 

V 

Field adjustments of alternators 


in parallel.197, 198 

Field alternator, revolving.23-26 

Field circuit, series. 101 

Field coil.215, 216 

Field current in parallel operation, 

adjustment of.182,183 

Field rheostat.96, 106 

Field switch.96 


Fields 

revolving.2, 3 

rotating.20 

^ series. .164 

Flat-compounded generators.. 102, 216 


PAGE 

Flywheel effect..188, 189 

Force, ei >unterelect romo t ive.105 

Four-sector rocking-contact tyj>e 

regulator.140, 143 

Four-wire circuit, two-phase.43 

Four-wire generator, two-phase. . . .42 

Four-wire system.15, 16, 45 

Frequencies to i>e avoided, 

critical.188 

Frequency 

of alternating-current 

systems.1-3, 39, 40 

slip.178-180 

and sjMH'd of generators.47 

variation in voltage 4 and.53, 54 

Frequency changers.37 

Frequency ri gulators.119 

Frequency-indicating transformer. 120 

Frequency-matching.174, 175 

Fynn-W eichsel motor.70, 85 


G 


General Electric Diactor Regu¬ 
lator.1 IS 120, 132 136, 169 

General Electric regulator. . . 153-156 

Generating unit, base.49 

Generator-voltage regulators.74 

Generators 

alternating current... 1 98, 125 162, 
169189 

compound.101 105, 107, 108, 

164 166 


co-ordination of.187-189 

Diesel engine.28-30 

direct-current.101 123, 163-169 

flat-compounded.102, 216 

frequency and speed of.47 

high-frequeiiey.37, 38 

mechanical characteristics of.51 

ojieral ion of.79-81 

over-compounded.216 

overexcited.183 


parallel operation of 74-81,128, 137, 
138, 118, 163-189 

prime mover for..49-51 

selection of.46-51 

shunt-wound.101, 102, 107, 

108, HUE 164 

single-phase. 6, 10, 41, 170 

slow-sjM*ed engine-driven.27, 28 

stopping.80, 81 

three-phase. .7, 8, 43-46, 172 

three-wire 125-250 volt 14.C.166 

turbine type.46 

turbo. . .30-33 

two-phase..6 

two-phase, four-wire.42 

two-wire 240-volt.166 

under-compounded.216 
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Generators —continued 

underexcited.1S3 

water-wheel.33-35 

Governors.103, 188 

H 

High-frequency generators.37, 38 

High-torque capacitor motor_60-62 

High-voltage alternators.75, 76 

High-voltage bushings.237 

High voltages.80 

Hydroelectric machinery, manage¬ 
ment of.191-259 


1 

Impedance. 10 

In phase. 8 , 9 

Indirect-acting exciter rheostatic 

type BJ regulator.158 

Indirect-acting type GFA-4 

regulator.157, 158 

Induction motor 

polyphase.62-70 

squirrel-cage. 55, 62-65, 82, 

89-94, 174 

wound-rotor tyi>e of. . .65-70, 94-96 

Induction-motor starter.91, 93 

Induction-type relays.249 

Inductive ohms.10 

Inductive reactance.9 

Insulating-type single-phase 

transformer.40 

Insulation.52, 213, 233-237 

Insulation, slot. 21 

Interlocked primary magnetic 

switch.94, 95 

Inter pole field coils, troubles of... .216 

Iron vane armature.174 

Isochronous governor.103 


L 

Lamp method of indicating syn¬ 


chronism .74-76, 170 

Lightning arresters 

can? and maintenance of... .252-259 

troubles of.257-259 

Line voltage.123 

Load 

changes of.104 

preliminary run with no.79 

test of.244 

variations of. 123 


Low-torque capaci tor-fan-motor 60-62 


M 

Magnet, direct-current control .154 

Magnetic controller, reversing.90 

Magnetic reversing switch.89 


PAGE 

Magnetic starter, across-the-lme. 89 , 90 
Magnetic switch, interlocked 

primary. 94,95 

Magnetically operated one-step 
primary-resistance type of 
induction-motor starter. . . .91, 93 
Magnetically operated, reduced- 
voltage auto transformer type 

starter.91,93 

Main-line switch.96 

Manually operated drum control¬ 
lers.91 


Manually operated drum switches .95 
Manually operated reduced-voltage 
auto transformer-type starter.. .91 
Motor-driven rheostat 

regulator.126-128 

Motors 

alternating-current.39-98 

brush-shifting adjustable- 

speed .66-70 

capacitor.60-62, 70, 84, 85 

compensated repulsion.59 

direct-current series-wound.58 

Fynn-Weichsel.70, 85 

induction.54,55, 62-70, 

82, 89-96,174 

operation of.79-81 

reconnectible-winding two- 

speed .63, 64 

repulsion-induction.57-60 

slip-ring. 65,96 

split-phase single-phase.56, 57 

squirrel-cage.55, 62-65, 

82,89-94,174 

stopping.81 

synchronous. .. .55, 56, 70-73, 96-98 
three- and four-speed two-wind¬ 
ing .64 

two-winding two-speed.64 

and variable-speed systems, 

polyphase.70 

wound-rotor induct ion. 65-70, 94-96 
Motor starters and controllers... 89-94 


X 

Noel capacitor motor.70, 84, 85 

Non-condensing steam turbine.... .49 


O 


Ohm’s law. 10 

Oil, transformer.222, 223, 229,230 

Oil-lagged plunger type relay.249 

One per cent carbon-pile 

regulators.129-131 

Open circuits 

in exciter armature 

windings.211-213 

in field winding.214, 215 
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Overall regulation.110 

Over-compounded genera- 


Overexcited generator.183 

Overload relay.243 

Overloading.80 

Oxide film arrester, testing.257 


P 

Parallel, field adjustments of 

alternators in.197,198 

Parallel operation of generators 

74-79,128,137, 138,148, 163-189 
Pha^ 

meaning of.5-10 

voltage and current in.8, 9 

voltage and current out of.9 

Phase angle.9, 173, 182 

Phase sequence.172,173 

Plate saturation, operating at.160 

Plunger type relays.249 

Polarity tests, transformer_224-227 

Poles, speed and number of.2, 3 

Polyphase induction motors.... 62-70 
Polyphase? motor starters and 

controllers.89-94 

Polyphase? motors and variable- 

speed systems.70 

Potential winding.169 

Power factor.9-11, 81-89 

Power transformers.219-237 

Power triangle of an alternating- 

current circuit.11 

Prime movers.49-51 


Q 

Quarter-phase system.15 

Quick-act ing regulators, 


R 

Reactance, inductive.9 

Reactive current, automatic 

compensation of.183,184 

Recall spring.141 

Reciprocating steam engine.49 

Reconnectible-winding, two- 

speed motors.63, 64 

Regulating devices, external. . 103-120 

Regulation, overall.110 

Regulators 


carbon-pile.105-109,128-131 

common.185-187 

direct, quick-acting.115—118 

electronic type.... 125,126, 159-162 

frequency..119 

General Electric . .118-120,132-136, 
153-158,169 
generator-voltage.74 


PAGE 


Regul ators —continual 

indirect-acting type.157,158 

need for.103-106 

rheostatic tvpo.115-118,125- 

143, 156-158 

rocking-contact tvpo 

voltage.132,138-143 

sensitivity of.109 

Svnehrostat.145-148 

Tirrill.125, 149 

vibrating-type.109-115,125, 

144-156 


voltage.74, 119, 166 169,184 - 

188,218,219,220,221 


Westinghouse. . . . 110, 116, 132, 137, 
148-153,158,167,168 

Relays 

adjusting. . .249 

care and maintenance of... .237-251 

circuit-closing. 247 

circuit-opening.247 

electronic synchronizers 

using time-delay.180, 181 

induction type.249 

operation with.114,115 

operation without.110-114 

overload.243 

plunger type.249 

testing.243-248 

troubles of.249-251 

underload.243 

Repulsion-induction motor.57-60 

Resistance 

effective.113 

stationary.119 

Resistor 

carbon.106 

discharge.96 

Reversing magnetic controller.90 

Reversing switch, magnetic.89 

Revolving armature.2,20,21 

Revolving field alternator.23-26 

Revolving fields, use of.2, 3 

Rheostat, field..96, 106 

Rheostat regulator, motor- 

driven .126-128 

Rheostatic stacks, Diactor.133 

Rheostatic type regulator.... 115-118, 
125-143,156-158 

Rings, slip.12 

Rocking-contact type 

regulator.132, 138-143 

Rotating fields.20 

Rotor.12 


S 

Safety, standardization and.54, 80 

Saturation, plate.160 

Scott-connected transformers.43 
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Series-commutator-type alter¬ 


nating-current motor.58 

Series field circuit.101 

Series fields.104 

Series-wound motor, direct- 

current .58 

Short circuits 

in exciter armature 

windings.201, 211 

in field coil.215, 210 

Shunt field circuit.101 

Shunt-wound exciter.210, 217 

Shunt-wound generators. 101, 102, 107, 

108, 103-104 

Silvers tat regulator, 

Westinghouse.110,137 

Simple voltage-coil synchro¬ 
nizers.175-178 

Sine curve.3, 4 

Sine wave.4 

Single-phase alternat i ng- 

eurrent system.40, 41 

Single-phase alternator.12-14 

Single-phase circuit.5, 0 

Single-phase generator. . .0, 40, 41,170 

Single-phase motor starters.80 

Single-phase motors 

capacitor type.00-02 

repulsion-induction. ..57-00 

Single-phase three-wire system. 14, 40 

Single-phase transh inner.40, 4 i 

Single-phase two-wire system.14 

Six-wire system. 17, 18 

Slip frequency.178 -180 

Slip ring motor.05, 00 

Slip rings.12 

Slot insulation.21 

Slow-s|H»ed engine-driven 

generators.27, 28 

S|X‘od regulation.187 

Sjieed-inatcher .174 

Split-phase, single-phase 

motors.50, 57 

Spring, recall..141 


Squirrel eage or damj>er winding. . .13 
Squirrel-cage induction motor. .55,62- 
05, 82, 80-04, 174 

Squirrel-cage motors 

constant-sj>eed.02, 03 

mult isjHvd.03-05 

Stabilizing or (lamping winding.. 100 
Star-connected-four-wire system 18, 10 

Start button.08 

Starters 

across-the-line magnetic.89,00 

ami controllers, polyphase 

motor.80-94 

single-phase motor_ 89 


PAGE 

Stationary antihunting coil.112 

Stationary field type of alternating- 

current generator.20 

Stationary resistance.110 

Stator.12 

Steam engine, reciprocating.40 

Steam turbine 

modern.50 

non-condensing.40 

Step-down transformers.75 

Storage battery 

compound-wound generator con¬ 
nected to.104,105 

eliminating voltage dip by 

using.121-123 

Swam automatic voltage 

adjuster.120,127 

Switch 

field.96 

interlocked primary magnetic.94, 05 

magnetic reversing.80 

main-line.00 

manually operated drum. ..... .05 

Synchronism.74, 100,170,172 

Synchronizers 

A11 is-Chalmers ‘ ‘Synch ro- 

Operator”.181, 182 

Burlington automatic tvpe 

SN...178-181 

simple voltage-coil.175-17* 

using time-delay relays, 

electronic..180, 18 

Westinghouse* type XK auto¬ 
matic .r 

Synchronizing 

automatic.175-1 

bright.1 

dark.1. 

by lamp indicator.74-70,17 

with a synchroscope .70-7' 


170,173,17 

Synchronous condenser.' 


Synchronous motors.55, 50,7 

73, 06-9 

Synch roseojx*.70-79, 170, 173, 17 

Synchrostat regulator.145-14* 

System voltages.41 


T 

Three- and four-speed two-winding 


motors.0 

Three |x*r cent carbon-pile 

regulators. 12 

Three-phase alternat ing-current 

system.43-46 

Three-phase alternators.10,17, 22, 

25 , 75, 76 

Three-phase circuit..7 
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Three-phase, four-wire system.45 

Three-phase generator.7, 8, 43-46, 172 
Three-phase squirrel-cage induction 

motors.174 

Three-phase, three-wire circuit . .44,45 

Three-phase voltage curve.7, 8 

Three-wire system, single-phase. 14,40 

Three-wire two-phase system.16 

Three-wire 125-250 volt D.C. 

generator.166 

Time-delay relays, electronic 

synchronizers using.180, 181 

Tirrili regulator.125, 149 

Transformer 


air-blast.230, 231 

continuity of service of.231 

damping.118, 147 

drying out a.219, 222 

frequency-indicat ing.120 

oil of.222,223,229, 230 

polarity tests of.221-227 

power.219-237 

ratio tests of.228, 229 

Scott-connected.43 


single-phase.40, 41 

step-down.75 

troubles of.232-242 


voltages of..221, 225 

water-cooled.230 


Turbine, steam. 49,50 

Turbine type* generators.16 

Turbo-genera t ors.30-33 

Two-phase A.O. system.41-43 

Two-phase alternator.15, 11,42 

’Vo-pha.se circuit.6, 7 

Vo-phase, four-wire circuit.43 

Vo-phase, four-wire generator. . . .*12 

* Vo-phase generator.6 

Two-phase, three-wire system.16 

Two-phase v< 4 age curve.6,7 

Two-sector rocking-contact type 

regulator.143 

\vo-sjH*ed motors.63, 6*4 

Two-winding motors, three- and 

four-sj>eed.64 

Two-wire system, single-phase.14 

Two-wire 210-volt generator.166 


u 

Under-compounded generator.216 

Underexcited generator.183 

Underload relay.213 

Unit exciters 

with common regulator. . , .185, 186 
with individual regulators.185 


V 

Variable-speed motors, Fynn- 

YVeichsel.70 


PAGE 

Vibrating-contact regulator... 114,125 

Vibrating-type regulators.109-115 

Vi brat i ng-t y pe voltage 

regulators.144-156 

Voltage 

battery.123 

and current in phase.8, 9 

and current out of phase.9 

and current regulation.79 

for distribution system.46 

and frequency, variation in.. .53,54 

high. 80 

line.123 

system.46 

transformer.224,225 

Voltage adjuster, Swam 

automatic.126, 127 

Voltage curves.4, 6-8 

Voltage cycle..1 

Voltage dip by using storage 

battery, eliminating.121-123 

Voltage regulation 
of alternat ing-current 

generators.125-162 

of a compound generator.165 

of direct-current generators. 101-J 23 
Voltage regulators 

Aliis-Chalrucrs rocking-con tact 

type.. 132, 138-M3 

automatic.101, 125 

can* and maintenance of.. .218,219 
combination rheostatic- 

vibrating.156-158 

Diactor.132 

direct-current.119, 100-169 

electron i < ‘-tv pe.lot >- 1 (12 

excitation systems using.... 18.1-187 

need for.71 

operating instructions for.. .218, 219 

rheostatic tyj>e.120-143 

Sy nel i n >st at.M 5-148 

troubles of.219-221 

vibrating tyjx;.14*4-156 

W 

Ward Leonard electronic; 

regulator.159-162 

Water-cooled transformer.230 

Water-wheel alternators.198 

W ater-wheel generators.33-35 

W'ave 

sine.4 

voltage.4 

West inghouse automatic 

synchronizer.180, 181 

Westinghou.se regulators 110, 113, 114, 
148-153,158,176 
West inghouse Silvers tat 


regulator. . 116, 132,137, 167,168 
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Windings 

alternating-current.25 

alternator.22,23 

armature.21-23,201,211-214 

compensating.167,109 

• euirentHresponaive.107 

damper or amort,isscur.188 

field.101-103,214,215 


PAGlj 

Windings —continued 

induction motor.19 2( 

potential.— i6f 

squirrel cage or damper.15 

stabilizing or damping.161 

types of.ll-2( 

Wound-rotor induction 

motor.65-70,94—9( 

















